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Abstract 
Bromophenols, including 2-bromophenol, 4-bromophenol, 2,4-dibromophenol, 
2,6-dibromophenol and 2,4,6-tribromophenol, are the volatile flavor compounds which 
largely contribute to the distinctive brine-like odor in seafood. Fish flavor was reported 
to be enhanced by feeding marine animals with seaweed-containing feeds. Inexpensive 
dried marine samples containing bromophenols can be an alternative source of 
bromophenols in feed formulation. Bromophenol content and its distribution in selected 
dried seafood were determined. Bromophenols were widely distributed and their ratios 
also varied extensively among different and within each local dried seafood samples, 
including seaweeds, crustaceans, mollusks, and salted-dried fishes. Diet is a source of 
bromophenols for higher level marine organisms in the food web. Results showed that 
seaweed had relatively higher amount of bromophenols than other samples evaluated. 
Laminaria, which biosynthesized bromophenols, has the highest TBC at 70.18±8.84ng/g 
among the seafood samples. 246TBP had the highest concentration of 46.55±7.40ng/g 
among the bromophenols in Laminaria, and 26DBP having an OAV of 51.47±4.51 
contributed the largest flavor impact in the seaweed. Due to its low threshold value, 
OAV of 26DBP can generally reflect the high flavor impact of bromophenols to seafood 
flavor. In descending order of flavor impact of bromophenols, the ranking would be as 
follows: seaweeds > mollusks and crustacean > salted-dried fishes. 
i 
On the other hand, depuration of bromophenols in fish and the fish quality when 
replacing feeds containing seaweed with ones that contained no seaweed were 
determined. In this study, giant grouper {Epinephelus lanceolatus) was selected as the 
fish model. Bromophenol content in fish flesh gradually lost and fish quality did not 
significantly change after ceasing the supply of seaweed-containing feeds to giant 
grouper. The color was slightly more red, yellow and toward dark color. No significant 
difference was found among groups in any texture attributes. Majority of the food 
quality parameters remained consistent throughout the experimental period of 6-7 weeks 
for all treatments. Giant grouper with high fish quality and good flavor is reasoned to be 
able to commend for an optimal market value. Based on this investigation, feed 
formulation with higher seaweed-content induced higher bromophenol content in giant 
grouper, but is necessary to continue feeding with seaweed-containing feed to keep the 
bromophenol level high. 
Other volatile aroma compounds in the fish were also analyzed. Forty-one volatile 
compounds were positively identified in giant grouper. They were grouped into different 
chemical groups, including acid (1), alcohols (5), aldehydes (5), alkanes (8), ketones (8), 
N-containing compounds (5), S-containing compounds (1) and aromatic compounds (8). 
Aldehydes were the major group to contribute flavor to giant grouper. Among the 
ii 
volatile compounds, ethanol, butanal, (E)-2-nonenal and (E,E)-2,4-decadienal had 
relatively higher odor activity value. They contribute markedly to the cooked odor in the 
flesh of giant grouper. 
This research can help understanding bromophenol content in local dried seafood, 
making bromophenol-containing formulation for fish feed, and also understanding 
volatile compounds in giant grouper. In short, this can be applied for improving 
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Seafood, including fish, mollusks and crustaceans, is an important source of 
nutrients to a large number of people worldwide. In Hong Kong, fish accounts for 24% 
in total animal protein supply and 57 kg per caput supply each year (FAO, 2006). 
Seafood is palatable, convenient, moderately priced source of animal protein, vitamins, 
minerals, micronutrients and fatty acids (James, 1998). Fish has high nutritional value 
and it promotes health benefits (Simopoulos, 1995). Consumption of fish and fish oil 
prevents cardiovascular diseases and rheumatoid arthritis. 
Other qualities of seafood, such as flavor, freshness and microbiological safety, 
largely affect human consumption (Shahidi and Botta, 1994). Aroma compounds in 
fresh fish can be formed by enzyme-catalyzed lipid oxidation (Josephson and Lindsay, 
1986), but other may be affected by feeding and conditions of culture environment 
(Haard, 1992). Volatile fish flavor compounds include carbonyls and alcohols, 
nitrogen-containing compounds, sulfur-containing compounds and bromophenols 
(Lindsay, 1994). Bromophenols, including 2BP, 4BP, 24DBP, 26DBP and 246TBP, 
contribute sea-like or iodine-like flavor in seafood (Whitfield et al, 1998). High levels 
1 
of bromophenol compounds are found in seaweeds which are the primary producer for 
many other higher marine organisms in the food web. This allows bromophenols to 
accumulate at different levels in the food web, and a wide range of marine animals 
contains bromophenols. 
Previous studies showing enhancement of bromophenol content in aquacultured 
seabream {Sparus sarba) by feeding with fish feed incorporated with seaweed was 
successful (Ma et al, 2005). However, manual collection of seaweed from the ocean 
needs high amount of manpower, and production of seaweed dry powder from raw fresh 
seaweed is a long time procedure. Dried seafood collected from local market may 
provide other options of inexpensive source of bromophenols for fish feed formulation. 
The collected samples included porphyra (Porphyra spp.), laminaria {Laminaria spp.)� 
shrimp {Metapenaeopsis spp.), squid {Loligo spp.), cuttlefish {Sepia spp.), octopus 
{Octopus spp), oyster {Ostrea spp.) and salted-dried marine fishes. On the other hand, 
depuration of bromophenols in fish and the fish quality when replacing feeds containing 
seaweed with ones that contained no seaweed have not been reported. 
Bromophenol contents were collected by steam distillation-solvent extraction 
(SDE), and analyzed by gas chromatography/mass spectrometry (GC/MS). The survey 
2 
provided a comparison of bromophenol contents as well as their quantity among 
different kinds of dried marine seafood. In addition, the texture of flesh, the coloration 
offish skin, the moisture content, the ash content, the protein content and the fat content 
of flesh were evaluated throughout the 6-week feeding period. Besides, giant groupers 
{Epinephelus lanceolatus) previously fed with 0%, 15% and 30% seaweed-containing 
feed daily for about 24 weeks to maintain a high level of bromophenols were used. They 
were fed with commercial feed with no seaweed ingredient for 6 weeks. 
In this study, giant grouper {Epinephelus lanceolatus) was selected as the fish 
model. Other volatile aroma compounds in the fish were also analyzed. Therefore, the 
objectives of this investigation were (1) to carry out a survey on the bromophenol 
content of the dried marine seafood collected in Hong Kong, (2) to determine the 
retention of bromophenols after replacing feeds containing seaweed with feeds without 
seaweed, (3) to determine the fish quality after replacing feeds containing seaweed with 
feeds without seaweed, and (4) to analyze other volatile flavor compounds in giant 
grouper. 
1.2 Flavor of fish 
Fish flavor compounds include nonvolatile taste-active compounds and volatile 
J 
compounds. The nonvolatile taste-active compounds are low molecular weight 
components, such as free amino acids, peptides, organic acids, bases and minerals， 
which can be found higher in shellfish such as mollusks and crustaceans than fish 
(Finne, 1992). Volatile compounds can be broadly divided into groups: carbonyls and 
alcohols, bromophenols and sulfur-containing compounds (Dumford and Shahidi, 1998). 
The fish volatile flavor compounds are described as follows. 
1.2.1 Carbonyls (aldehydes and ketones) and alcohols 
Volatile 6-, 8-, and 9-carbon carbonyls and alcohols are derived from long-chain 
polyunsaturated fatty acids by the activity of lipoxygenase. They contribute a mild 
delicate sweet and plant-like aroma in very fresh fish (Josephson and Lindsay, 1986). 
9-carbon volatile compounds contribute fresh, green cucumber-like aroma. 8-carbon 
volatile ketones and alcohols, such as l-octen-3-ol, l-octen-3-one, l-cis-5-octadien-3-ol 
and l-cis-5-octadien-3-one, are found in most seafood and they contribute heavy 
plant-like and metallic-like flavors. Hexanal, l-octen-3-ol, l,5-octadien-3-ol and 
2,5-octadien-l-ol are volatile aroma compounds commonly found in fresh freshwater 
and saltwater fish. (E)-2-nonenal, (E,Z)-2,6-nonadienal and 3,6-nonadien-l-ol 
contribute cucumber- and melon-like odor in fresh fish. 6-carbon volatile compounds, 
such as trans-2-hexenal and cis-3-hexenal, contribute distinct green plant-like aroma in 
4 
freshwater fish but not in saltwater fish (Lindsay, 1994). Freshwater fish also contain 
l-octen-3-one and l,5-octadien-3-one, but not in saltwater fish. These variations may 
cause the flavor difference between freshwater fish and saltwater fish. In general, 
carbonyls provide distinct coarse and heavy aromas while alcohols provide smoother 
aroma qualities. Because of the lower threshold values of carbonyls, they are more 
likely to contribute overall fresh fish odor than alcohols. Carbonyls are also regarded to 
have the most important contribution to the odor in dried and salted fish (Kawai et al., 
1991) 
1.2.2 Sulfur-containing compounds 
Volatile sulfur-containing compounds are often found in deteriorated seafood, but 
they may also contribute to distinctive odor in some seafood. For example, dimethyl 
sulphide contributes a pleasant seashore-like smell in fresh seafood or crab-like smell in 
low concentration (<100ppb) (lida, 1988). However, it easily becomes offensive odor in 
high concentration. 
1.2.3 Thermally-induced flavor 
The mixture of low-molecular-weight aldehydes and browning reaction products 
provide distinctive cooking fish smell (Horiuchi et al., 1998). Carbonyls and amines 
5 
interact to produce browning-flavor compounds (Shibamoto, 1989). In the presence of 
amine, N，N-dimethylformamide and N-methylpyrrole are formed and they produce a 
strong cooking flavor of fish oil (Horiuchi et al., 1998). Heating also causes production 
of various flavor compounds, such as hydrogen sulfide, dimethyl sulfide, trimethyl 
sulfide and pyrazines, by thermal degradation of cysteine and other components 
(Sikorski and Pan, 1994). 
1.2.4 Deteriorated fish flavor 
Off-flavor compounds can either come from the environment or from 
deterioration. Flavor deterioration can be caused by microbial activity and endogenous 
enzymic activity (Lindsay, 1994). Odor of deteriorating fish is commonly known to be 
associated with trimethylamine (TMA) and dimethylamine (DMA). TMA is formed by 
reduction of TMAO during microbial spoilage, while DMA and formaldehyde are 
formed by TMAO breakdown by enzyme activity (Hebard et al., 1982). TMAO is 
virtually absent in freshwater fish but present in saltwater fish because it is used for 
osmoregulation in fish in saltwater environment (Hebard et al., 1982). TMAO is 
odorless but TMA potently produces old-fishy or fish house-like odor when reacts with 
fat in fish tissue (Lindsay, 1991). DMA has ammonia-like smell and is less fishy than 
TMA (Lindsay, 1990). In unfrozen fish, TMA is much more produced than DMA 
6 
because of high rate of microbial spoilage; while in frozen fish, the reaction is replaced 
by slow conversion of DMA and formaldehyde due to indigenous enzyme TMAO 
dimethylase (Castell et al,, 1973). Therefore, TMA and DMA are often used as spoilage 
index for unfrozen and frozen fish, respectively (Castell et al., 1973). 
1.2.5 Autoxidation 
Autoxidation of polyunsaturated fatty acids causes the production of fishy flavors 
(Josephson et aL, 1984). The odor ranges from just the perceptible to extremely 
unpleasant according to different levels of oxidation. The initial odor is described as 
green or cucumber-like, while fishy, cod liver oil-like or bumt-like are described in later 
stage (Lindsay, 1990). Short-chain saturated and unsaturated aldehydes such as hexanal 
and (E)-2-hexenal contribute to initial odor. (E,Z,Z)-2,4,7-decatrienal and 
(E,E,Z)-2,4,7-decatrienal which are derived from autoxidation of long-chain 
polyunsaturated fatty acid, mostly contribute to fishy and cod liver oil-like odor 
(Karahadian and Lindsay, 1989). (Z)-4-Heptenal which enhances the flavor contributes 
by 2,4,7-decatrienals, is highly produced at high temperature and pH and easily found in 
cooked and stored seafood. 
7 
1.2.6 Bromophenols 
Bromophenols occur naturally in marine organisms and are accumulated from the 
environment via food webs. They contribute iodine-like off-flavor in Australian prawns 
(Whitfield et al., 1988). Nevertheless, they also provide a distinct brine-like or desirable 
ocean-like flavor in seafood while in low concentration (Boyle et al., 1992). Since 
bromophenols are bioaccumulated through food web containing marine algae, seaweed 
or polychaetes, they are absent in most freshwater fishes. One of the evidences is the 
loss of brine-like flavor due to the depuration of bromophenols by cessation of feeding 
in saltwater salmon (Boyle et al., 1992). The presence of bromophenols is the key factor 
to differentiate the flavor quality between marine and freshwater seafood sources. 
1.3 Bromophenols in aquaculture 
Bromophenols are key flavor compounds present in most seafood. They provide a 
distinct brine-like or desirable ocean-like flavor in seafood while in low concentration 
(Boyle et al” 1992). The total bromophenol contents (TBC) of Australian 
wild-harvested prawns (9.5-1114 ng/g) were much higher than TBC of Australian 
cultivated prawns (<1 ng/g) (Whitfield et a!., 1997). By sensory evaluation, the meat of 
wild-harvested prawns produced brine-like, ocean-like and prawn-like flavor, while the 
cultivated prawns were described as bland (Whitfield et al., 1997). Therefore, increase 
8 
of bromophenol contents by dietary sources was suggested for application in the 
enhancement of the intensity of seafood flavor (Whitfield et al., 1997). Marine algae 
containing relatively high concentrations of bromophenol, was used as a 
bromophenol-rich dietary source (Whitfield et al., 1999b). Marine algae are also 
potential dietary sources of protein and lipid for fish (Wahbeh, 1997). Fish feed 
incorporated with marine algae was suggested to be used in enhancement of silver 
seabream flavor quality in attempt to increase its economic value (Ma et al., 2005). 
1.3.1 General properties of bromophenols 
Regarding to flavor property, the five types of bromophenols are 2-bromophenol 
(2BP)�4-bromophenol (4BP), 2,4-dibromophenol (24DBP), 2,6-dibromophenol 
(26DBP)�and 2,4,6-tribromophenol (246TBP). The chemical structures and general 
properties of these five bromophenols are shown in Figure 1.1 and Table 1.1, 
respectively. When compared with other flavor compounds, the molecular weights of 
bromophenols are relatively high because of the heavy bromine atoms (Br = 35). 
Bromophenols have high boiling points that cause difficulty in isolation from seafood 
(Boyle, 1993). Simultaneous steam distillation-solvent extraction method (SDE) can be 
used to extract bromophenols from seafood. In common practice, SDE provides 
adequate recoveries for quantitative analysis by gas chromatography/mass spectrometry 
9 
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Figure 1.1 structures of the five types of bromophenols 
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Table 1.1 general properties of the five types of bromophenols (Boyle et al., 1993) 
Property 2BP 4BP 24DBP 26DBP 246TBP 
Molecular 173 173 252 252 330 
weight(g/mole) 
Boiling point 194 238 154 162 244 
rc) 
Solubility Water, Alcohol, Ether, Ether, Alcohol， 
ether CHCI3, alcohol alcohol CHCI3， 
7 parts 14000 parts 
water water 
Log pa m ^ ^ 3.74 
a Log P = experimentally derived octanol-water partition coefficients 
11 
(GC/MS) (Boyle et al., 1992). Bromophenols are relatively polar which usually cause 
dispersion to a certain degree in water (Winholz et al., 1983). Boyle et al (1992) 
discovered that monobromophenols do not disperse in vegetable oil. Octanol/water 
partition coefficient (Log P) ranged from 1.69 for 2BP to 3.74 for 246TBR Compounds 
with Log P value lower than 6 are readily absorbed by fish (Gobas, 1988). Those 
compounds with Log P >3.0 (Poels et al., 1988) easily involve bioaccumulation. 
Therefore, the five types of bromophenols are readily absorbed by fish, however, only 
24DBP and 246TBP with Log P = 3.0 and 3.74, respectively, are more likely to be 
bioconcentrated in seafood. Bromophenols may dissolve to lose in aqueous phase. The 
presence of bromophenols in the seafood tissue represents the equilibrium between 
dietary intake and normal depuration (Boyle et aL, 1993). Dietary intake of nominal 
concentration of bromophenols in marine organisms contributes to the brine-like 
seafood flavor (Boyle et al, 1992). However, excessive dietary intake would cause 
iodoform-like off-flavor (Whitfield et at.’ 1988) 
1.3.2 Biosynthetic pathway of bromophenol in marine algae 
The possible dietary sources and the production mechanisms of bromophenols 
were found out by the investigation on marine algae and polychaetes (Flodin and 
Whitfield, 1999). TBC was detected at relatively high concentrations in Australian 
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marine algae (0.9-2590 ng/g) and polychaetes (58 — 8.3 million ng/g). They are likely 
the dietary sources of bromophenols in seafood (Whitfield et al., 1999a) 
Marine algae contain bromoperoxidases which are the enzymes involved in the 
biosynthesis of bromophenols, therefore marine algae are bromophenol-rich. 
Bromophenol and lanosol are likely to share the same precursor, tyrosine, therefore, the 
biosynthetic pathway from tyrosine to bromophenol is similar to that from tyrosine to 
lanosol (2,3-dibromo-4,5-dihydroxybenzyl alcohol) (Manley and Chapman, 1978). 
Lanosol is also commonly found in marine algae (DeBusk et al” 2000) as a feeding 
deterrent. 
Certain intermediates and bromoperoxidases were identified in Ulva lactuca, to 
suggest the biosynthetic pathway (Flodin and Whitfield, 1999). During the formation of 
bromophenols, tyrosine is brominated by bromoperoxidase. The reaction involves 
electrophilic substitution of bromine to tyrosine in the presence of hydrogen peroxide 
(Higa et al., 1980). Then tyrosine is deaminated, oxidized and decarboxylated to yield 
4-hydrobenzaldehyde. 4-hydrobenzaldehyde can be either oxidized to 4-hydrozybenzoic 
acid or reduced to 4-hydroxybenzyl alcohol. Bromoperoxidases catalyze the 
bromination of these compound to produce mixtures of 2BP, 4BP, 24DBP, 26DBP and 
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246TBP (Flodin and Whitfield, 1999). The possible biosynthetic pathway of 
bromophenols in marine algae is shown in Figure 1.2. 
1.3.3 Thresholds of bromophenols 
The concentration and odor detection threshold value of a flavor compound 
determine its flavor contribution. Variation of flavor characteristics of the five types of 
bromophenols in seafood is affected by the presence of isomers, concentration and 
which medium they are dissolved in (Bemelmans and den Braber, 1983, Boyle et al., 
1992). The threshold values of the five types of bromophenols in water and in prawns 
were determined as shown in Table 1.2. The bromophenols are strong flavor compounds 
with relative low threshold values in water. 26DBP with concentration up to 250 ng/g in 
the off-flavored prawns greatly exceed the threshold (0.0005 ng/g in water), which 
cause the iodoform-like off-flavor. This off-flavor was absent at concentration lower 
than 32 ng/g. Most of the bromophenols can provide iodoform or phenolic-like flavor in 
water. When bromophenols are absorbed in fish, shrimp or mixed with triglyceride oils, 
they provide characteristic flavor in different isomers (Boyle et al” 1992). 2BP was 
suggested to enhance marine seafood flavor characteristics (Boyle et al., 1992). 26DBP 
gave iodine- and shrimp-like flavor, while 246TBP was described as saltwater fish-like 
and brine-like flavor. Both 26DBP and 246TBP were perceived as fishy-like flavor in 
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Table 1.2 Odor threshold values of the five types of bromophenols (Whitfield et al” 
1988) 
Compound Water Prawn meat 
Threshold Flavor Threshold Flavor 
( g / k g ) description ([i g/kg) description 
2BP 3 X 10-2 Pheno l i c / i od ine2 Phenolic 
4BP ^ Phenolic nd i^ d 
24DBP 4 Phenolic i^ d M 
26DBP 5 X 10-4 Iodoform 6 x 10: Iodoform 
246TBP 6 x 10] Iodoform M 
nd = not determined 
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vegetable oil, and marine herring-like oil flavor in deodorized menhaden oil (Boyle et 
a l , 1992). When 2BP, 26DBP or 246TBP were incorporated into bland marinated 
whitefish, desirable sea-like or sea fish-like flavor were perceived. The concentration of 
2BP at 10 ng/g provides rich, full sea-like flavor; that of 26DBP at 0.1 ng/g provides 
crab-like or shrimp-like flavor; that of 246TBP at 10 ng/g provides sea salt-like or sea 
fish-like flavor (Boyle et al., 1992). Seafood with higher concentration of these 
bromophenols would likely produce desirable brine-like and ocean-like flavor. 
1.3.4 Toxicity of bromophenols 
Bromophenols, naturally produced by polychaete worms and algae, occur in 
marine sediment and various marine organisms. They are the flavor compounds which 
largely contribute to the distinctive brine-like odor in seafood. Besides, they can also be 
anthropogenic and play an important role in industrial uses. For example, 
tribromophenol is an antiseptic, germicide, pesticide with fungicide activity which is 
used as a wood preservative and also as a brominated flame retardant (BFR) in 
electronic and electro-technical devices such as mobile phones, television sets, printed 
circuit boards, etc (de Wit, 2002). The general population can be exposed to 
bromophenols by ingestion of food and drinks or by skin contact. Some workers 
occupationally have higher chance to be affected by tribromophenol. Bromophenol is 
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found to be irritants to skin, eyes and mucous membrane. They are regarded as 
moderately toxic compounds and water pollutants (Sax and Lewis, 1989). Its toxicology 
has been the focus of growing attention in past years. 
Bromophenols have been recently investigated for toxic effects. They cause 
malformations in embryo of zebrafish (Karmann et al., 2006). This suggests that it may 
contribute to toxicity in early life stages of marine fishes. Moreover, Tribromophenol 
has subchronic effect on larval development of marine copepod Acartia tonsa 
(Wollenberger et al., 2005). 24DBP and 246TBP disturb cellular Ca^^ signaling, 
differentially modulate voltage dependent ion currents in neuroendocrine cells (PC 12). 
The effect of tribromophenols, especially those from BFR, on neuroblastoma cells was 
evaluated. Neuroblastoma cell differentiation was induced as the growth of 
neuroblastoma cells was inhibited and acetylcholinesterase activity increased 
(Hassenklover et al., 2006). Apoptosis was observed at high concentrations. It also 
induces aromatase (CYP19) activity (Canton et al., 2006). The effect patterns depend on 
the substance and concentration. 
Toxic effects have been reported in laboratory mammals and aquatic species 
subjected to interperitoneal and oral administration of 2BP, 24DBP and 246TBP (Howe, 
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2005) (Table 1.3 and 1.4). LD50 of bromophenols is much greater than the highest 
concentration in marine fishes listed in Table 1.5. It is believed that toxicity results of 
test species would be impossible to translate directly to human. Intake of bromophenols 
naturally through consuming seafood is unlikely to cause acute toxicological effect. 
1.4 Giant Grouper 
Giant grouper {Epinephelus lanceolatus) is a commercial tropical marine fish 
used in aquaculture and fisheries, and commonly found in Hong Kong fish markets (Lee 
and Sadovy, 1998). It can be found in Indo-Pacific ocean (from Red Sea to Algoa Bay), 
South Africa and eastward to the Hawaiian and Pitcaim islands. It has a broad 
distribution, which can be north to southern Japan and south to Australia (Heemstra and 
Randall, 1993). 
1.4.1 Living habitat of Giant Grouper 
It is benthopelagic or benthic, lives in a depth range from 4m to 100m. It is 
always reef-associated, found in shallow waters, caves and wrecks, and also estuaries. 
In fact, it is regarded as the largest dwelling bony fish occurs on coral reefs (Lieske and 
Myers, 1994). 
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Table 1.3 Acute toxicity of brominated phenols to laboratory mammals (Howe et al, 
2005) 
Bromophenol Route Species Test type Concentration (mg/L) 
2BP Oral Mouse LD50 652 mg/kg body weight 
246TBP Oral Rat LD50 1486 mg/kg body weight 
(both sexes) 
246TBP Oral Rat LD50 >5000 mg/kg body weight 
(both sexes) 
246TBP Oral Rat LD50 1995 mg/kg body weight 
(male rats) 
246TBP Oral Rat LD50 1819 mg/kg body weight 
(female rats) 
246TBP Oral Rat LD50 5012 mg/kg body weight 
(both sexes) 
246TBP Inhalation Rat 4h LD50 >50000 mg/m^ (>50 mg/L) 
246TBP Inhalation Rat IhLDso >200000 mg/m^ (>200 
mg/L) 
24DBP Dermal Rabbit LD50 >2000 mg/kg body weight 
246TBP Dermal Rat LD50 >2000 mg/kg body weight 
(both sexes) 
246TBP Dermal Rabbit LD50 >2000 mg/kg body weight 
(both sexes) 
246TBP Dermal Rabbit LD50 >8000 mg/kg body weight 
(both sexes) 
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Table 1.4 Toxicity of brominated phenols to aquatic species (Howe et al., 2005) 
Organism Bromophenol End-point Concentration 
(mg/L) 
Green algae 246TBP 72h EC50 1.0' 
{Setenastrum capricomutum) (growth inhibition) 
Green algae 2BP 48h EC50 110 
(Scenedesmus subspicatus) (growth rate) 
Protozoa 2BP 60h EC50 54.2^ 
{Tetrahymena pyriformis) (growth inhibition) 
4 B P 60h EC50 36. lb 
(growth inhibition) 
24DBP 60h EC50 lOb 
(growth inhibition) 
246TBP 60h EC50 
(growth inhibition) 
Water flea (Daphnia magna) 2BP 48h EC50 0.9 
4 B P 4 8 h EC50 6 
246TBP 48h LC50 5.5 
246TBP 48h EC50 2 .2 ' 
Rainbow trout {Oncorhynchus 246TBP 96h LC50 0.2 
my kiss) 
Bluegill 246TBP 96h LC50 0.3 
(Lepornis macrochirus) 
Medaka {Oryziasltatipes) 246TBP 96h LC50 1 
Fathead minnow 246TBP 96h LC50 6.3^ 
(Pimephales promelas) 
Goldfish (Cyprinus carpio) 246TBP 96h LC50 1.1^ 
a Based on nominal concentration (within 20% of measured values) 
b Based on nominal concentrations 
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Table 1.5 Brominated phenol concentrations in marine fishes (Howe et al, 2005) 
Location Year Bromo- Concentratio Notes 
phenol n^ (p. g/kg) 
Eastern coast of 1992 2BP 0.1-5.2 (dw) Detected in 6 of 10 samples 
Australia 
4BP 0.5-100 (WW) Detected in 4 of 10 samples 
24DBP 1.5-150 (WW) Detected in 7 of 10 samples 
26DBP 0.4-18 (WW) Detected in 4 of 10 samples 
246TBP 5.7-170 (ww) Detected in 8 of 10 samples 
Hong Kong 1999-2 2BP 0.5-30.8'' Range of means; detected in 
000 (dw) 36 of 42 samples 
4BP 206b Mean; detected in 3 of 42 
samples 
24DBP 3.4-97.lb Range of means; detected in 
(dw) all 42 samples 
26DBP 0.3-15.3b Range of means; detected in 
(dw) 33 of 42 samples 
246TBP 22-155^ (dw) Range of means; detected in 
all 42 samples 
2BP O.2-IO.7C Range of means; detected in 
(dw) 30 of 42 samples 
4BP Not detected Mean; detected in 3 of 42 
samples 
24DBP 0.3-9.5' (dw) Range of means; detected in 
39 of 42 samples 
26DBP 0.1-3.5^ (dw) Range of means; detected in 
36 of 42 samples 
246TBP 2.4-39.2' Range of means; detected in 
(dw) all 42 samples 
a WW = wet weight; dw = dry weight 
b Gut; e Flesh 
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1.4.2 Biological features of Giant Grouper 
It has camouflage in reefs, and juveniles are secretive and especially difficult to 
be seen (Kuiter and Tonozuka, 2001). Its dorsal fin spines, which increase in size from 
front to back in large individuals, provide good protection (Myers, 1999). It mainly 
feeds on large variety of marine animals. It can consume benthic crustaceans, juvenile 
sea turtle, spiny lobsters and fishes. 
1.4.3 Aquaculture of Giant Grouper 
Giant grouper with length more than 1 meter and weight of maximum 400kg had 
been reported (Foale, 1998). The quantity of food, the water temperature and the 
water quality are strictly controlled to reach the culture requirements. These conditions 
increase the technical demands in the cultivation. The market price of giant grouper is 
generally very high compared with other aquaculture fish products. It costs around 
HK$200 per catty in 2007(Sumaila et al., 2007). Large individuals may cause 
ciguatera poisoning (Myers, 1999). It is usually steamed for serving in supper by Hong 
Kong people. 
1.5 Flavor analysis and extraction methods 
Flavor, including sensation from smell, taste, sight, feeling and sound, is an 
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overall integrated perception of food during consumption (Lindsay, 1996). Generally, 
non-volatile compounds are responsible for taste sensation, while volatile compounds 
are responsible for odor sensation (Belitz and Grosh, 1999). Non-volatile compounds 
may interact with receptors in taste buds on the tongue to produce signals of the five 
basic taste sensation including bitterness, saltiness, sourness, sweetness and unami taste 
(Lindsay, 1996). Volatile compounds may interact with receptors in olfactory tissue in 
the nasal cavity to produce signals of different specific aroma perceptions. The aroma 
compounds can reach the nasal cavity either through the nose during inhalation (nasal 
detection), or through the throat during exhalation through the mouth (retronasal 
detection) (Belitz and Grosh, 1999). Some compounds only confer taste sensation, some 
only confer odor sensation, while some can confer both sensation (Belitz and Grosh, 
1999). 
Flavor analysis of volatile aromatic compound is dominant. The number of 
volatile compound is large，but only some of them have significant aroma potency. The 
amounts of aroma compounds in food are very low, but sufficient to impart flavor 
sensation. Investigation, including extraction, isolation and identification, on potent 
aroma volatile compounds are necessary for comprehensive study in flavor science. 
Extraction of flavor compounds is an important step because artifacts and contaminants 
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always make flavor research difficult. Different techniques can be used for extraction of 
flavor compounds at different physicochemical properties. 
1.5.1 Solvent Extraction 
Solvent extraction is a traditional, simple, and fast method for flavor compound 
extraction. High purity solvent is required to reduce contaminations and further 
concentration of extract is required before injection into GC. A major problem is the 
direct contact of the solvent with the food sample. The solvent may extract 
macromolecules such as proteins and lipids, which are difficult to be eliminated. Some 
solvents such as methanol and ethanol may react with aldehydes, esters, acids, lactones 
and alcohols to induce artifacts (Ohloff et al, 1985). Therefore, solvent extraction is 
destructive, the large solvent peak and some artifacts formed may damage the 
chromatographic column or even blur the identification of the target flavor compounds 
in the chromatogram (Rouseff and Cadwallader, 2001). 
1.5.2 Simultaneous Steam Distillation/Extraction 
Simultaneous Steam Distillation/Extraction (SDE) is the most popular technique 
for flavor analysis. It was firstly described by Likens and Nickerson in 1964. SDE 
allows both steam distillate and organic solvent condense and recycle simultaneously, 
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and extract volatile compounds of a sample from aqueous phase to solvent continuously. 
SDE is great for extraction relatively high quantity of volatiles with small volume of 
solvent used. Recently, the solvent of pentane-diethyl ether is used by most researchers. 
The distillation is commonly run for 1-3 hours (Marsili, 1997). High temperature is 
applied during the extraction process, artifacts may form because some flavor 
compounds may be oxidized by air or degraded by heat or extreme pH (Mariaca and 
Bosset, 1997). This is a major problem because discrimination between artifacts and the 
authentic flavor compounds can induce difficulty. Food ingredients such as sugars, 
amino acids, phenolic acids, unsaturated fatty acids and carotenoids are readily 
degraded at high temperature (Tressl et al., 1979). These food ingredients can also react 
to form numerous other compounds to interfere the identification of flavor compounds. 
The other drawback of SDE is the promotion of reaction among food ingredients and 
contaminants in the solvent (Mottram and Puckey, 1978). For example, nitrogen oxide 
formed by degradation of sodium nitrate in crude meats would react with contaminant 
2-methylbut-2-ene to form nitroalkanes. Heating may also promote reaction such as 
ester hydrolysis, Maillard reaction and lipid oxidation, to produce new volatile 
compounds. Beside thermally generated artifacts, low pH extraction medium in SDE 
also promote formation of artifacts. For example, the sulphuric acid commonly added 
affects monoterpene, norisoprenoid hydrocarbons and alcohols (Stevens et al., 1972). 
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Despite formation of artifacts, SDE is commonly used because of its high 
extraction efficiency (Stephan et al., 2000). Vacuum SDE is a modification to provide a 
low pressure environment to facilitate the vaporization of the volatile compounds at low 
temperature to reduce thermally generated compounds (Pollien et cd., 1999). However, 
the apparatus is difficult to be set up, larger amount of sample is required, and vacuum 
is difficult to be maintained during extraction. 
1.5.3 Headspace sampling 
There are two types of headspace extraction methods, including static headspace 
(SH) and dynamic headspace (DH) (Buttery and Teranishi, 1963). For SH, food sample 
is placed in an enclosed container in equilibrium with specific limited amount of 
volatile compounds collected by a gas-tight syringe and injected into gas 
chromatography for analysis (Kolb and Ettre, 1997). Sensitivity of SH is low for 
traced amount of compounds due to limited headspace volume (Stephan et al, 2000). 
DH is a modified method to increase the sensitivity due to continuous removal of 
equilibrium (buttery et al； 1997). For DH, the volatile compounds in headspace are 
collected continuously to an organic polymer sorbent by purging a continuous stream of 
cold inert gas to the food sample. Tenax is the most common polymer used because it is 
an efficient sorbent to trap broad range of compounds (Ettre, 2001). Solvent desorption 
27 
is used to elute out the trapped compounds from the polymer, then the solvent can be 
further concentrated. Headspace sampling reduces the production of thermally 
generated artifacts and it is suitable for aroma profile analysis. However, the extraction 
efficiency is lower than SDE (Stephan et al” 2000). 
1.5.4 Gas Chromatography/Olfactometry (GCO) 
Gas Chromatography/Olfactometry (GCO), also known as the sniffing of 
gas-chromatographic effluents, is a technique to correlate sensory responses with 
chromatographically separated chemicals. It is commonly used in flavor research to 
determine odor active compounds. It uses human as detector on gas chromatographs to 
characterize isolated volatile odorants from complex mixtures such as foods. It 
generally contains a splitter at the effluent of the gas chromatographic column which 
sends the effluents partly to a chemical detector and partly to a sniff port. Human is 
much more sensitive than chemical detectors, therefore, it is enough for the sniff port to 
receive less than 10% of the effluent. A humidifier reduces nasal dehydration and the 
sniffing discomfort by combining the GC effluent with humidified air. Compared to 
human nose, the low sensitivity of chemical detectors is a limit of GCO. Examples of 
chemical detector include flame ionization detector (FID), electron capture (ECD), 
flame photometric (FPD), and mass spectormeteric (MS) detector. They receive 90% of 
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the effluent. 
GCO data can be processed in different ways, such as cross-modal matching 
(CMM), perceived intensity and dilution analysis. Cross-modal matching records 
sensory perceptions by associating with other perceptions such as line length. It can be a 
time-intensity record of GC peak above its detection threshold. In maximum perceived 
intensity, the sniffers observe the entire eluting peak and associate their perception of 
maximum odor intensity with numerical scale. The flavor impact value is an example to 
be produced by the use of magnitude estimation of odor intensity in perception of single 
doses. 
Dilution analysis determines relative odor potency value for GC effluents based 
on stepwise dilution to threshold over several doses. Therefore, potent odorants can be 
screened out from a food sample. In dilution analysis, the extract is diluted 1:2 or 1:3 as 
a series. Each dilution is sniffed until no significant odor perceived. Dilution analysis 
includes CharmAnalysis and Aroma Extraction Dilution Analysis (AEDA). In AEDA, 
the flavor dilution factor (DF), that is the number of dilutions needed to eliminate the 
presence of an odor at particular retention time, is used to estimate the potency value of 
a specific odor (Grosch, 1993). The higher the DF, the more importance is the flavor 
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contribution. In CharmAnalysis, times of individual sniffs are combined to produce a 
chromatogram with peaks and quantified peak areas (charm value), which are used to 
quantify potency value (Acree et al., 1984). The peak areas are proportional to the 
amount of odorant in the extract. A disadvantage of dilution methods is time consuming 
because several dilutions must be sniffed for several assessors to replicate the runs. 
However, dilution analysis is useful in the study of natural product chemistry in foods 
because the relative potency value is easy to follow in isolation and characterization of 
the odorants, and is linearly related to concentration. 
There are some general concerns for GCO. Health and safety of human assessors 
must be considered during sniffing. Secondly, coded and randomized samples are used 
to minimize bias during sniffing. Thirdly, human assessors should be trained and make 
decision quickly. 
1.5.5 Food chemistry and Odor threshold value 
Flavor impact of volatile compounds depends on both quantity and its threshold 
value. Odor activity value (OAV) is the ratio of concentration of an odorant to its odor 
threshold (Frijters, 1978). The higher the OAV, the more flavor impact is the food. 
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Flavor components have very low concentrations in foods. Different extraction 
and analytical methods are developed. However, they are difficult to be identified in 
early days. Essential oil components are easier to be identified. In early work, seed oils 
were occasionally helped in the identification of important flavor compounds in foods. 
The research of food flavor became much easier until gas chromatography (GC) and 
GC/MS were invented. After separation, identification and quantification of flavor 
components were made possible, method of measuring odor potency value of different 
flavor components were also developed. 
Flavor compounds give different threshold values in different media. Moreover, 
odor threshold values of many flavor compounds have not yet published. Determination 
of odor threshold values is important in flavor science. In early days, determination of 
odor threshold values of flavor components in air was carried out with olfactometer. 
Odor threshold values of flavor components were easier to be determined in water. 
Many foods, particularly fruits and vegetables, contain high percentages of water. The 
odor threshold values in air can be simply calculated from the water threshold data. Oil 
and oil-water mixture threshold values can also be calculated from the odor threshold 
values determined in water. Water threshold is actually a detection of air threshold of a 
flavor compound which is at equilibrium between water solution and the air above it, 
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but only its concentration in the water is known. Air threshold (Ta) can be calculated 
from water threshold (Tw) and the air to water partition coefficient (Kaw) of the 
compound in water solution at room temperature. 
Ta = Tw X Kaw 
The calculation of odor threshold of oil solution (Tol) is similar. For oil solution, 
the air-oil partition coefficient is Kaol. Assuming background odors do not exist, Ta 
should be the same for both water and oil solutions (Acree, 1993). 
Ta = Tw X Kaw = Tol x Kaol 
Hence, Tol = Tw x Kaw/Kaol 
Kaw/Koal is oil/water partition coefficient, which may be more available than either 
Kaw or Kaol. 
Recent methods determine odor threshold values in air, which is added to the GC 
effluent from flavor volatile separation. The ratio of a component's concentration in a 
food to its water odor threshold value is useful for determining relative flavor 
importance for aqueous foods. Little variations in structure or chemical nature can 
induce large differences in odor threshold values. Errors in threshold determination can 
be caused by minor amounts of impurities with very low threshold. 
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Chapter 2 
Distribution of Bromophenols and the corresponding flavor impact in 
selected Hong Kong dried seafood 
2.1 Introduction 
Drying and salting are common methods of food preservation. They are commonly 
used to preserve seafood in southern China and in Hong Kong. A large variety of dried 
seafood can be found in Asian cuisine, in which especially salted- dried fish is regarded 
as a Chinese culinary heritage (Sinclair, 1986). Flavor can be modified during the 
process of curing and this makes the low-priced seafood more attractive (Venugopal and 
Shahidi, 1995). 
Since the dried seafood comes from marine environment, they might contain 
bromophenols. Bromophenols, including 2-bromophenol (2BP), 4-bromophenol (4BP), 
2,4-dibromophenol (24DBP), 2,6-dibromophenol (26DBP) and 2,4,6-tribromophenol 
(246TBP) contribute distinctive brine-like odor in seafood (Boyle et at., 1992; Whitfield 
et a!., 1998). Previous investigations on bromophenols focused mainly on living marine 
animals and plants. Fish flavor of aquacultured seabream {Spams sarba) was reported 
to be enhanced by incorporating bromophenol-rich seaweed in fish feed (Ma et al., 
2005). As feed cost comprises a major portion of the production costs in aquaculture, 
the lower the feed cost the more is the return. The hypothesis of this research is that 
low-priced dried seafood with notable amount of bromophenols could be used as an 
alternative source of bromophenol in producing fish feed. 
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In this research, a survey on the bromophenol content and the corresponding flavor 
impact was carried out among the most popular dried seafood in local markets. In 
addition, the bromophenol content was compared with dried laminaria and seaweed 
powder obtained from Qingdao, and two types of dried bloodworm, Glycera 
dibrachiata and chironomid larvae, respectively. 
2.2 Materials and Methods 
2.2.1 Sample preparation 
Eighteen types of dried seafood samples were purchased from local markets in Sai 
Wan, Hong Kong SAR, China, in year 2008. Dried seafood samples were collected 
from the same place to minimize the variations from different locations. They included 
laminaria (Laminaria spp.), porphyra {Porphyra spp.), prawn {Metapenaeopsis spp.), 
squid {Loligo spp.), cuttlefish {Sepia spp.), octopus {Octopus spp), oyster {Ostrea spp.), 
conch {Strombus spp.) and salted-dried marine fishes, including fourfinger threadfin 
{Eluetheronema tetradactylum), white herring {Ilisha elongata), tiger-toothed croaker 
(Otolithes ruber), largetooth flounder {Pseudorhombus arsius), greater amberjack 
(Seriola rivoliana), doublespotted queenfish {Scomberoides lysan), Hypomesus 
japonicus, croceine croaker (Larimichthys cwced), Rastrelliger spp. (probably 
including Rastrelliger brachysoma and Rastrelliger kanagurta) and Chinese bahaba 
(Bahaba taipingensis). Pictures of the samples and their cost per gram were shown in 
appendix. The seaweed powder was purchased from Qingdao. Two kinds of dried 
bloodworms, Glycera dibrachiata and chironomid larvae, were purchased from local 
aquarium store in Mongkok. 
All samples collected were transported in their original plastic bags to a laboratory 
at the Chinese University of Hong Kong (CUHK). After receiving the samples, they 
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were stored at -20 in a freezer until used for extraction. Internal Standard, 
pentachloroanisole, was bought from Aldrich Chemical Co., Inc (Milwaukee, WI), with 
purity of 99.3%. Standard chemicals of 2-bromophenol (2BP), 2,4-dibromophenol 
(24DBP), and 2,6-dibromophenol (26DBP) were purchased from Aldrich Chemical Co., 
Inc (Milwaukee, WI), whereas 4-bromophenol (4BP) and 2,4,6-tribromophenol 
(246TBP) were purchased from Acros Organics (Geel, Belgium) with purities ranged 
from 97 to 99%. The organic solvents, pentane and diethyl ether, were bought from 
Lab-scan Ltd. (Dublin, Ireland) with purities of 99 and 99.5%, respectively. 
2.2.2 Preparation of the internal standard, Pentachloroanisole 
Pentachloroanisole (0.05g) was added to 500mL solvent of pentane/diethyl ether 
(9:1 v/v) in a 500mL volumetric flask, and mixed well. One milliliter of the above stock 
solution was further diluted and mixed well with the same solvent in a lOOmL 
volumetric flask. The internal standard was kept in glassware, wrapped with parafilm 
and stored in a freezer at -20 
2.2.3 Simultaneous steam distillation-solvent extraction (SDE) 
The bromophenol extraction method was modified from that of Whitfield et al. 
(1997). The fresh laminaria from Qingdao was dried before extraction. The seaweed 
powder was directly used. Other dried samples, including seafood and bloodworms, 
were cut into small pieces approximately (0.5x0.5x0.5) cm^ by scissor and well mixed 
manually. For the large fish samples, they were beheaded and the backbones were 
discarded. Only edible parts of seafood sample were used for extraction. 
Fifty grams of homogenized dried sample and 500mL boiled double distilled water 
were transferred to a 5L round bottom flask and mixed well. The samples were then 
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acidified to pH 1 with 96% (18M) sulfuric acid. Simultaneous steam distillation-solvent 
extraction with 40mL solvent of pentane/diethyl ether (9:1 v/v) for 2 hrs was carried out 
in a Likens and Nickerson type SDE apparatus (Cat: No. K-523010-0000, Kontes, 
Vineland, NJ). Internal standard (0.5mL pentachloroanisole, concentration at 
1.017|xg/mL) was added after extraction. Triplicate extractions for each sample were 
carried out. Each extract collected was further concentrated to 0.25mL with a stream of 
ultra-high purity (99.999%) nitrogen gas and dried by 2.85 g anhydrous sodium sulfate. 
Each concentrated extract was temporarily stored in a 15mL centrifuge tube at -20°C 
until further analyses were carried out. 
2.2.4 Gas chromatography-mass spectrometry (GC-MS) 
A GC-MS system consisting of a Hewlett-Packard 6890 GC coupled with a HP 
5973 mass selective detector (MSD) (Hewlett-Packard Co., Palo Alto, CA) was used for 
qualitative and quantitative analyses. Each extract at 2|iL was injected, in splitless mode 
with injector temperature at 200 into a fused silica open tubular column 
(Supelcowax-10, 60m length x 0.25mm i.d x 0.25|im film thickness; Supelco, Inc., 
Bellefonte, PA). Helium gas with ultra-high purity (99.999%) was used as carrier gas 
with constant linear velocity at 30 cm/s. Oven temperature was programmed from 100 
to 200OC at a ramp rate of 10°C/min. The initial and final hold times were 5 and 55 
minutes，respectively. MS interface, ion source and MS quadrupole temperatures were 
set at 250°C, 230°C and 106°C, respectively. Selected ion monitoring (SIM) GC-MS 
procedure was used. Ions were monitored for 2BP and 4BP at mlz 172 and 174; for 
24DBP and 26DBP at mlz 252 and 254; for 246TBP at mlz 330 and 332; and for internal 
standard pentachloroanisole at mlz 280 and 237. (Whitfield et al., 1997; Chung et al, 
2003b) 
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2.2.5 Compound identification 
The presence of each bromophenol was confirmed by the detection of a single peak 
in the selected ion chromatogram at corresponding retention time and by the presence of 
the two characteristic ions listed above with particular isotopes ratios (Whitfield et al., 
1997). 
2.2.6 Quantification of compounds 
A 3-point standard calibration curves for each bromophenol were established. 5mL 
solutions containing 5mg of each bromophenol were prepared. Serial dilutions at ratios 
of 1:1, 1:5 and 1:25 were done. Constant amount of 5mg pentachloroanisole was 
added as an internal standard into each of the above prepared solutions. The area ratios 
of selected ions (bromophenol/intemal standard) were plotted against the amount ratios 
(bromophenol/intemal standard). Response factors were obtained from the slope of the 
3-point standard calibration curves (Boyle et al. 1992). Bromophenols in the extract 
samples were quantified based on the response factor and its area of the specific ion 
fragment. 
The concentration of bromophenol was calculated by the following equation. 
Cone, of BP(ng/g) = [Area ratio (BP/IS) /Response factor] x Amt of IS (ng) 
Dry weight of sample (g) 
2.2.7 Recovery 
Five milligrams of each of the five bromophenols was added to 50g freshwater 
grass carp flesh, which did not contain bromophenols. The recovery of each 
bromophenol from the SDE technique was determined by the ratio of concentration of 
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bromophenol detected to that of bromophenol added to the grass carp flesh (Chung et 
fl/., 2003b). The extracted bromophenols were quantified with the same GC-MS system 
under the same experimental conditions described above. The values of recovery 
represented the efficiency of the SDE technique, and were applied to calculate the 
original amount of bromophenols in the dried seafood samples. 
2.2.8 Odor activity value 
Odor activity value (OAV) is the ratio of concentration of an odorant to its odor 
threshold (Frijters, 1978). The higher the OAV, the more flavor impact is the food. OAV 
is calculated by the following equation. 
Calculated OAV = concentration of volatile compound 
threshold of volatile compound 
2.2.9 Statistical Analysis 
The mean value of each of the five bromophenols within individual samples were 
analyzed by one-way analysis of variance (one-way ANOVA) and compared by 
multiple comparison using Tukey test at ；7=0.05 level of significance. Besides, total 
bromophenol contents (TBC) and the corresponding OAV of bromophenols were also 
analyzed among different samples by one-way ANOVA and compared by multiple 
comparison using Tukey test at 严0.05 level of significance. In addition, comparison of 
bromophenol content and corresponding flavor impact of purchased dry laminaria 
with seaweed powder obtained from Qingdao, and with bloodworms, were analyzed by 
t-test at p=Q.05. 
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2.3 Result and Discussion 
2.3.1 Distribution of bromophenols in dried seafoods 
The bromophenol contents of the selected dried seafoods were determined. As 
aforementioned, 18 samples were collected including 2 seaweeds (laminaria and 
porphyra), 1 crustacean (prawn), 5 molluscs (octopus, squid, cuttlefish, oyster and 
conch) and 10 marine fishes (tiger-toothed croaker, fourfinger threadfm, white herring, 
largetooth flounder, greater amberjack, doublespotted queenfish, Hypomesus japonicus, 
croceine croaker, Rastrelliger spp., Chinese bahaba. The five bromophenols were 
extracted by the SDE technique, and were identified and quantified by using GC-MS. 
(Chung et al” 2003b). Results of the distribution of the bromophenols in each dried 
seafood sample are shown in Figure 2.1a-2.18a. The total bromophenol contents in the 
samples are compared in Figure 2.19. Bromophenols are widely present in all dried 
seafood samples, but the distribution of bromophenols varies among the dried seafood 
samples. The wide distribution of bromophenols in seafood coincides with the finding 
of previous studies (Boyle et al., 1992; Chung et al., 2003b). 
Total bromophenol content (TBC) is the sum of the amount of 2BP, 4BP, 24DBP， 
26DBP and 246TBP. TBC can reflect the overall flavor impact contributed by each 
bromophenol. Higher TBC value is more likely to contribute stronger flavor. Besides, 
OAV of each of the five bromophenols in each dried seafood sample were calculated 
(Figure 2.1b-2.18b). The threshold values of the five bromophenols used for calculation 
were 10, 20, 50, 0.1 and lOng/g, respectively (Boyle et al., 1992). They were calculated 
by dividing the bromophenol concentration by its evaluation flavor concentration which 
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Figure 2.1. (a.) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry laminaria (n=3). Samples were without further drying. Bars with 
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Figure 2.2. (a) Mean (土SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry porphyra (n=3). Samples were without further drying. Bars with 
different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.3 (a) Mean (土SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry prawn (n=3). Samples were without further drying. Bars with 
different letters differ significantly at p<0.01 (ANOVA). 
41 








S 12- § 16-� 10- O 14-
8 . 12-
®： 10-
6 - 8 - b 
4� b 6- _ J _ _ 2- 3 r-hn a ：- c 
I , I oL^——, ？ I , r r n 
2BP 4BP 24DBP 26DBP 246TBP 2BP 4BP 24DBP 26DBP 246TBP 
Figure 2.4. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry cuttlefish (n=3). Samples were without further drying. Bars with 
different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.5. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry octopus (n=3). Samples were without further drying. Bars with 
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Figure 2.6. (a) Mean (土SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry squid (n=3). Samples were without further drying. Bars with 
different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.7. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry oyster (n=3). Samples were without further drying. Bars with 
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Figure 2.8. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry conch (n=3). Samples were without further drying. Bars with 
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Figure 2.9. (a) Mean (±SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry four finger threadfm (n=3). Samples were without flirther drying. 
Bars with different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.10. (a) Mean (±SD) bromophenols and (b) Mean (±SD) OAV of 
bromophenols in dry white herring (n=3). Samples were without further drying. Bars 












§ - 各：： 
O 12- 14-
10- 12-
8 - 1 0 -
6 - 8 -
4- b 6-
2 - a n - f — 1 4-
„ I ~ • ~ I 2- a b 
I 1 1 ^ ^ o J , , , , , _ 
2EP � MH^  2aiP »5IEP 2BP 24DBP leOBP 246^  
Figure 2.11. (a) Mean (±SD) bromophenols and (b) Mean (±SD) OAV of 
bromophenols in dry tiger-toothed croaker (n=3). Samples were without further drying. 
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Figure 2.12. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry largetooth flounder (n=3). Samples were without further drying. 
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Figure 2.13. (a) Mean (±SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry croceine croaker (n=3). Samples were without further drying. Bars 
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Figure 2.14. (a) Mean (±SD) bromophenols and (b) Mean (±SD) OAV of 
bromophenols in dry Hypomesus japonicus (n=3). Samples were without further drying. 
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Figure 2.15. (a) Mean (士SD) bromophenols and (b) Mean (±SD) OAV of 
bromophenols in dry greater amberjack (n=3). Samples were without further drying. 
Bars with different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.16. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry doublespotted queenfish (n=3). Samples were without further 
drying. Bars with different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.17. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry Chinese bahaba (n=3). Samples were without further drying. Bars 
with different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.18. (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of 
bromophenols in dry Rastrelliger spp. (n=3). Samples were without further drying. Bars 
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Figure 2.19. Mean (±SD) total bromophenol content (TBC) in dried seafood (n=3). 
Samples were without further drying. Bars with different letters differ significantly at 
p<0.01 (ANOVA). 
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The distribution of the bromophenol, as well as TBC, widely varied among dried 
seafood samples. TBC in the seaweed, laminaria had the highest value at 
70.18±8.84ng/g, whereas the fish, tiger-toothed croaker had the lowest TBC value at 
3.15士0.42ng/g (Figure 2.19). TBC in the seafoods might have seasonal variation, and 
the detected TBC only represented value determined at a particular harvest time in a 
year (Chung et al., 2003a). However, these values reflect the overall flavor impact of 
bromophenols in the dried seafood samples. 
Among the 18 seafoods, 3 samples (laminaria, prawn and Chinese bahaba) 
contained all the five bromophenols. Eight samples (porphyra, cuttlefish, octopus, 
oyster, conch, doublespotted queenfish, Hypomesus japonicus and croceine croaker) 
contained 4 bromophenols. Six samples (squid, fourfinger threadfm, white herring, 
largetooth flounder, greater amberjack and Rastrelliger spp. contained 3 bromophenols. 
Tiger-toothed croaker contained only 2 bromophenols. 
Among the five bromophenols, 246TBP contributed the highest proportion in all 
dried seafood samples. 2BP and 246TBP were detected in all dried seafood samples. 
24DBP and 26DBP were detected in 72.2%, and 66.7% of the dried seafood samples, 
respectively. 4BP was the rarest, with only 27.8% of the samples. 
Amount of each bromophenol varied widely among dried seafood sample. For 
246TBP, the amount ranged from 2.24±0.52ng/g in tiger-toothed croaker to 
46.55士7.40ng/g in laminaria. The corresponding OAV ranged from 0.22±0.05 to 
4.65士0.74. For 2BP, the amount ranged from 0.29±0.05ng/g in largetooth flounder to 
10.06±2.93ng/g in greater amberjack. The corresponding OAV ranged from 0.03±0.01 
to 1.01 士0.29. 4BP were not detected in all salted-dried fish samples except Rastrelliger 
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spp. and Chinese Bahaba, and not detected in all dried mollusk samples except oyster. 
The highest amount of 4BP detected was 6.29士 1.51ng/g in porphyra. The corresponding 
OAV was 0.31±0.08. 24DBP was not detected in tiger-toothed croaker, Rastrelliger spp., 
pophyra, oyster and squid. 26DBP was not detected in all salted-dried fish samples 
except doublespotted queenfish, Chinese bahaba, croceine croaker and Hypomesus 
japonicus. The highest amount of both 24DBP and 26DBP was detected in laminaria at 
11.76±1.06ng/g and 5.15±0.45ng/g, respectively. Its corresponding OAVs in 24DBP and 
26DBP were 0.24±0.02 and 51.47±4.51, respectively. 26DBP has the highest OAV and 
is expected to have higher flavor impact because of its very low odor threshold value, 
while 4BP will have very small flavor impart in seafood because of its low 
concentration and its higher odor threshold value when compared with other 
bromophenols. The distributions of the bromophenols vary seasonally for each type of 
seafood (Chung et al., 2003a). 
2.3.2 Bromophenol contents in dried seaweeds 
Bromophenol contents of two seaweeds, laminaria {Laminaria spp.) and porphyra 
{Porphyra spp.), were investigated. TBCs of dried seaweeds were relatively high when 
compared with other dried seafood samples. TBCs of laminaria and porphyra were 
70.18±8.84ng/g and 35.36±9.10ng/g, respectively. 246TBP was the most abundant 
bromophenol in both these dried samples. 246TBP concentrations were 46.55±7.40ng/g 
and 20.20±2.33ng/g, respectively. However, 26DBP was the actual flavor compound to 
give the highest flavor impact. OAVs of 26DBP were 51.47±4.51 and 16.23士 11.14， 
respectively. OAVs of 246TBP were only 4.65±0.74 and 2.02±2.23, respectively. 
26DBP contributed a large proportion in overall flavor impart. 2BP had the lowest 
concentration detected in laminaria, but for Porphyra, 24DBP had the lowest 
concentration, which was not detected. Many types of seaweed contain 
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bromoperoxidase to brominates organic substrates in the presence of bromide and 
hydrogen peroxide (Moore and Okuda, 1996). Bromoperoxidases catalyze the 
bromination of phenol and 2-hydroxybenzyl alcohol to 246TBP (Yamada et al., 1985). 
Some green algae contain similar enzymes to brominate 4-hydroxybenzoic acid and 
4-hydroxybenzyl alcohol to mixtures of 2BP, 4BP, 24DBP, 26DBP and 246TBP (Flodin 
and Whitfield, 1999a). 4-hydroxybenzoic acid and 4-hydroxybenzyl alcohol are 
products of the catabolism of tyrosine by marine phytoplankton and have been proposed 
as precursors of bromophenols in marine algae (Flodin and Whitfield, 1999a). In the 
biosynthetic pathway from tyrosine to the bromophenols, tyrosine is deaminated, 
successively oxidized and decarboxylated to yield 4-hydroxybenzaldehyde which can 
either be oxidized to 4-hydroxybenzoic acid or reduced to 4-hydroxybenzyl alcohol 
(Flodin and Whitfield, 1999b). The formation of halometabolites in seaweeds is 
dependent on the production of hydrogen peroxide, which is dependent on 
photosynthesis (Collen et al., 1994; Pedersen et al., 1996). The halometabolites are 
regarded as waste products either accumulating within seaweed or being excreted into 
the surrounding seawater (Pedersen et al., 1996). 
2.3.3 Bromophenol contents in dried crustacean 
Bromophenol content in prawn {Metapenaeopsis spp) was investigated. TBC of 
prawn was 28.63±12.99ng/g. 246TBP of 15.78士3.75ng/g was the most abundant 
bromophenol in this dried sample. 26BP of 0.68土0.56ng/g was the lowest concentration 
of bromophenols detected in prawn. However, its OAV was as high as 6.80±5.63 to 
contribute the highest flavor impact because of low odor threshold value. In off-flavored 
prawns, 26DBP concentration is up to 250ng/g which causes the iodoform-like 
off-flavor (Whitfield et al., 1988). The dried prawn sample did not have off-flavor. TBC 
of wild-harvested prawns ranged from 9.5ng/g to 1114ng/g, which was much higher 
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than cultivated prawns (0.31-1.3ng/g). The cultivated prawn was described as bland and 
lacked the natural flavor of crustacean (Whitfield et al., 1997). The dried prawn sample 
from wild ocean should have brine-like and prawn-like flavor. As a comparison with 
other crustaceans, 24DBP was the major bromophenols present in Penaeus merguiensis 
and Penaeus esculentus. 26DBP was the major bromophenols present in Metapenaeus 
endeavouri and Haliporoides sibogae. 4BP was the major bromophenols present in 
Penaeus plebejus. 246TBP was the major bromophenol present in farmed Penaeus 
monodon. Their TBC ranged from 0.5ng/g to 530ng/g (Whitfield et al” 1996). 
Bromophenol distribution varies among different prawn species. 
2.3.4 Bromophenol contents in dried mollusks 
Bromophenol contents of 5 dried mollusks were investigated. They included squid 
{Loligo spp.), cuttlefish {Sepia spp.), octopus {Octopus spp), oyster {Ostrea spp.) and 
conch {Strombus spp.). TBC were 23.21±5.68ng/g, 10.59土 1.20ng/g，10.22=hl.30ng/g, 
9.76士 1.14ng/g and 12.56±1.95ng/g in cuttlefish, octopus, squid, oyster and conch, 
respectively. 246TBP was the most abundant bromophenol in all dried mollusks 
samples. 246TBP concentrations were 18.77土4.85ng/g, 5.82±1.12ng/g, 4.47±1.02ng/g, 
3.38±0.77ng/g and 9.78±2.23ng/g in cuttlefish, octopus, squid, oyster and conch, 
respectively. Their OAVs were 1.88^0.48, 0.58±0.11，0.45±0.10, 0.34±0.08 and 
0.98士0.22, respectively. In fact, 26DBP had the highest OAV among all bromophenols 
in all mollusk samples, because of its low odor threshold value. OAVs of 26DBP were 
5.79±0.88, 28.27±2.11, 20.51 士3.28, 31.20±0.76 and 3.01 土2.40 in cuttlefish, octopus, 
squid, oyster and conch, respectively. Among all dried mollusk samples, 4BP was not 
detected except dried oyster, and 24DBP was not detected in oyster and squid. Flavor 
impact of 4BP and 24DBP were little due to their low odor threshold values. Mollusk 
samples had high 26DBP and 246TBP, similar to seaweed. A possible reason is that 
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marine algae are the producers of bromophenols (Whitfied et al., 1996). Mollusks 
cannot biosynthesize bromophenols but accumulate bromophenols through diet in food 
web. 
2.3.5 Bromophenol contents in salted-dried fishes 
Bromophenol content of 10 salted-dried fishes were investigated. They included 
fourfinger threadfm {Eluetheronema tetradactylum), white herring {Ilisha elongata), 
tiger-toothed croaker {Otolithes ruber), largetooth flounder {Pseudorhombus arsius\ 
greater amberjack {Seriola rivoliana), doublespotted queenfish {Scomberoides lysan), 
Hypomesus japonicus, croceine croaker (Larimichthys crocea), Rastrelliger spp” 
Chinese bahaba (Bahaba taipingensis). TBC of some salted-dried fishes were relatively 
low, especially tiger-toothed croaker, fourfinger threadfm and largetooth flounder, when 
compared with other dried seafood samples. Possible reasons are that they may locate at 
sandy bottom, inshore near estuaries, or where food abundance of seaweed and 
polychaetes may be low in their habitats. TBC were 4.87±1.77ng/g, 18.40±4.28ng/g, 
3.15±0.42ng/g, 5.13±0.57ng/g, 19.43±11.86ng/g, 13.52±5.18ng/g, 25.91±7.23ng/g, 
34.78士9.51ng/g, 31.31±4.51ng/g and 14.74±3.14ng/g in fourfinger threadfm, white 
herring, tiger-toothed croaker, largetooth flounder, croceine croaker, Hypomesus 
japonicus, greater amberjack, doublespotted queenfish, Chinese bahaba and Rastrelliger 
spp., respectively. Similarly, 246TBP was the most abundant bromophenol in all 
salted-dried fish samples. Their concentrations were 3.25±1.33ng/g, 17.22±4.53ng/g, 
2.24±0.52ng/g, 4.03±0.22ng/g, 17.20±12.33ng/g, 7.42±4.36ng/g, 15.06±3.92ng/g, 
26.78土6.15ng/g, 8.59±2.21ng/g and 10.59士2.62ng/g, respectively. Their OAVs were 
0.33 士 0.13， 1.72±0.45, 0.22±0.05, 0.40±0.02, 1.72±1.23， 0.74 土 0.43, 1.51±0.39， 
2.68±0.62, 0.86±0.22 and 1.06士0.26, respectively. 
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No 4BP was detected in the fish samples except Rastrelliger spp. and Chinese 
bahaba. 24DBP was not detected in tiger-toothed croaker and Rastrelliger spp. Both 
2BP, 4BP and 24DBP were less important flavor contributor because of their relative 
high odor threshold value or low concentration in sample. 26DBP was detected only in 
croceine croaker, Hypomesus japonicus, doublespotted queenfish and Chinese bahaba. 
26DBP contributes large flavor impact in these four out of ten salted-dried fish samples. 
They dwelled in different habitats. Their bromophenols contents depend on the food 
abundance such as polychaetes in their habitats. Difference in TBC in polychaetes from 
different habitat is currently in dispute (Whitfield et al., 1996). For the other six fish 
samples, 246TBP contributed more to the seafood flavor. 
2.3.6 Relationship between living habitat and bromophenol contents 
Among the dried seafood samples, marine fishes had lower TBC, whereas the 
seaweeds have the highest TBC. In general, TBC in dried mollusks and dried crustacean 
were between the dried seaweeds and the salted-dried fishes. Comparison of TBC 
among dried seafood is shown in Figure 2.19. Based on the overall mean of TBC in 
different groups, the ranking of TBC is as follows: dried seaweed > dried crustacean 
and dried mollusk > salted-dried fish. 
Bromophenol contents were largely related to the marine living habitat. 
bromophenols are found in the ocean, but not in lakes, rivers, estuaries (Boyle et al., 
1992). Bromophenols were naturally absent in freshwater fish (Boyle et al., 1992). 
Grass carp {Ctenopharyngodon idellus) is a freshwater fish that dwells in lakes, ponds, 
pools and backwaters of large rivers. It is herbivorous fish, feed primarily on higher 
aquatic plants and submerged grasses, which are unable to biosynthesize bromophenols 
(Man and Hodgkiss, 1981; Fenical, 1981). No bromophenols were detected in grass 
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carp and it was used in recovery of the SDE technique (Chung et al., 2003b). 
The origin of bromophenols in the ocean is contributed partially by the seaweeds, 
which are broadly distributed in the ocean but do not naturally present in freshwater 
(Boyle et al., 1992). Seaweeds are the producers for many other higher marine 
organisms and allow bromophenols to accumulate at different levels along food web in 
the ocean (Whitfield et al., 1998). The data from this research show a wide range of 
marine animals contain bromophenols. The living habitat and the feeding behaviors of 
the marine organisms can be related to their bromophenol contents. Bromophenols were 
biosynthesized in marine algae, sponge, bryozoa and polychaetes (Yamada et al., 1985). 
This explains the high bromophenol content in dried seaweed samples. The mollusks 
such as oyster and conch which live in coastal rocks are filter feeders (Shumway et al, 
1986). Conch lives on sandy bottoms of sea grass beds. Oyster is found on coastal rocks. 
It feeds on suspended organic particles and plankton such as algae (Stott, 2004). For the 
mollusks such as cuttlefish, octopus and squid, they are omnivorous. Their larvae feed 
on plankton and the adults also feed on small crustaceans and fishes (Norman, 2000). 
The prawn is benthic marine organism. It is omnivorous and feed on plankton and small 
polychaetes (Pascual, 1988). The mollusks and crustacean cannot synthesize 
bromophenols, but they obtain bromophenols in marine fish from diet (Boyle et al., 
1992). The marine fishes, such as fourfinger threadfm, white herring and tiger-toothed 
croaker, are pelagic and found in coastal brackish marine habitat. They feed on prawn, 
small fish or polychaetes. Doublespotted queenfish and greater amberjack are 
reef-associated. They fed on small fish and crustacean. Largetooth flounder is demersal 
and feed on benthic animals. The marine fishes belong to tertiary level of food web, and 
their bromophenol contents were lower than those in mollusks and crustacean. In brief, 
their bromophenol contents depend on the abundance of bromophenols in diet found in 
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their living habitant. Mean TBC in dried crustacean and dried mollusks is slightly 
higher than that of salted-dried fish. Both groups have samples from the second and the 
third trophic level. 
2.3.7 Flavor impact of bromophenols in dried seafoods 
Mean OAV of each bromophenol and total OAV of bromophenols were calculated 
and compared among the samples (Figure 2.20-2.25). For 2BP, OAV was higher among 
some fish samples, while mollusks were relatively low. 2BP contributes flavor to 
salted-dried fish like greater amberjack and Rastrelliger spp. For 4BP, seaweeds had the 
highest OAV, but with value below 1. Therefore, it is not an important flavor contributor 
in seaweeds and other dried seafods. Seaweeds had higher OAVs from 24DBP and 
246TBP, but most salted-dried fish and mollusks had relatively low OAVs. Generally, 
the OAV of 246TBP was higher than that of 24DBP. 24DBP contribute little to flavor in 
all samples. For 26DBP, seaweed had higher OAV and most salted-dried fish had 
relatively lower OAV. OAV of 26DBP in crustacean and mollusks is generally between 
seaweed and salted-dried fish. 26DBP was the most important flavor contributor in 
seafood due to its low odor threshold value. It contributes high flavor impact among 
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Figure 2.20. Mean (±SD) odor activity value (OAV) of 2-bromophenol (2BP) in dried 
seafood (n=3). Samples were without further drying. Bars with different letters differ 
significantly at pO.Ol (ANOVA). 
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Figure 2.21. Mean (士SD) OAV of 4-bromophenol (4BP) in dried seafood (n=3). 
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Figure 2.22. Mean (±SD) OAV of 2,4-dibromophenol (24DBP) in dried seafood (n=3). 
Samples were without further drying. Bars with different letters differ significantly at 
p<0.01 (ANOVA). 
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Figure 2.23. Mean (士SD) OAV of 2,6-dibromophenol (26DBP) in dried seafood (n=3). 
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Figure 2.24. Mean (士SD) OAV of 2,4,6-tribromophenol (246TBP) in dried seafood 
(n=3). Samples were without further drying. Bars with different letters differ 
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2.3.8 Comparison of bromophenol content in purchased dried laminaria with 
Qingdao seaweed powder and bloodworms 
In previous study, seaweed was used in making fish feed in order to enhance 
aquacultured fish flavor (Ma et al, 2005). From the above results, dried laminaria 
sample had higher bromophenol content, which was suitable in making fish feed. 
Bromophenol content in dried laminaria and seaweed powder from Qingdao were 
investigated. The proportions of bromophenols in both samples were similar. Both of 
them contain all the five bromophenols (Figure 2.1a and Figure 2.26a). Qingdao 
laminaria seaweed powder had higher amount of 246TBP but lower in other type of 
bromophenols than purchased dried laminaria. A comparison of TBC in purchased dried 
laminaria and Qingdao laminaria seaweed powder is shown in Figure 2.26c. TBC of 
purchased dried laminaria and Qingdao seaweed powder were 70.18±8.84ng/g and 
246.52士88.07ng/g. Nevertheless, purchased laminaria had little bit higher flavor impact 
than Qingdao laminaria seaweed powder mainly due to higher 26DBP amount (Figure 
2.1b and 2.26b). The cost is high for the manpower for the collection of fresh laminaria 
from the ocean, and also time-consuming in drying fresh laminaria. Purchased dried 
laminaria, which had notable amount of bromophenols compared with other dried 
seafood samples, can be a potential component for making fish feed. 
Bloodworms were commonly used as food for aquarium fish or bait for fishing. 
They are so called because of bright red color appearance due to hemoglobin analog. 
Dried bloodworms can be easily purchased from local aquatic stores. In this study, the 
dried bloodworms were collected from an aquatic store in Mongkok. Two kinds of 
bloodworms, including Glycera dibrachiata and chironomid larva, were investigated. 
No bromophenol content was detected in chironomid larva. Chironomid larva belongs 
to a group of insects. They are naturally found in many aquatic habitats, but naturally 
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Figure 2.26 (a) Mean (士SD) bromophenols and (b) Mean (士SD) OAV of bromophenols 
in dried Qingdao seaweed powder (n=3). Samples were without further drying. Bars 
with different letters differ significantly at p<0.01 (ANOVA). 
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Figure 2.26 (c). Mean (±SD) TBC in dried purchased laminaria and Qingdao seaweed 
powder (n=3). Samples were without further drying. 
*• significant different between two samples by t-test at level of p=0.05 
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do not contain bromophenols (Walker, 2001). Glycera dibrachiata is a group of 
polychaetes living on bottom of shallow marine habitat. They are carnivorous, but able 
to biosynthesize bromophenols (Fauchald, 1977). A comparison of bromophenol content 
and TBC of dried laminaria and dried Glycera dibrachiata is shown in Figure 2.27c, 
respectively. They contained 4 out of 5 bromphenols. Only 4BP was not detected in 
Glycera dibrachiata (Figure 2.27a). 24DBP contributed largest proportion, with 
concentration of 17.52士0.95ng/g，but its OAV was only 0.35士0.02 due to its high odor 
threshold value. TBC of Glycera dibrachiata was 24.15±0.79ng/g which was lower than 
that of 70.18土8.84 in laminaria. OAV of 26DBP in Glycera dibrachiata was lower than 
that in laminaria (Figure 2.27b). Besides, the cost of dried Glycera dibrachiata is higher 
than dried laminaria, making it not as suitable as laminiaria to be used as fish feed for 
aquacultured fish. 
2.4 Conclusion 
In summary, bromophenols are widely distributed in various dried seafood and 
their amounts also varies among different dried seafood. The bromophenol contents are 
influenced by the original marine habitat of the sea animals. Diet is a source of 
bromophenol for higher marine organisms in the food web. Laminaria, which 
biosynthesized bromophenols, has the highest TBC concentration (70.18±8.84ng/g) 
among the dried seafood samples. Among bromophenols, 26DBP was the most 
important flavor contributor, which was highest in seaweeds and the lowest in 
salted-dried fishes. Laminaria has advantages over other dried samples and is possible 
to be a source of bromophenol in making fish feed for fish flavor enhancement. Besides, 
bromophenol content in laminaria was compared with Qingdao fresh seaweed and 
bloodworms. Laminaria has advantages and is possible to be an alternative source of 
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Figure 2.27 (a) Mean (士SD) bromophenols and (b) Mean (±SD) OAV of bromophenols 
in dried Glycera dibrachiata (n=3). Samples were without further drying. Bars with 
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Chapter 3 
Bromophenol content retention and fish quality in giant grouper 
3.1 Introduction 
One of the advantages of aquaculture over wild fisheries is the better control over 
the quality of fish to satisfy market preferences. Flavor of fish can be enhanced in the 
process of aquaculture by changing fish feed (Ma et al., 2005). The feed for the fish 
with enhanced flavor is seaweed incorporated, but the commercial feed used for general 
cultivated giant grouper contains no seaweed. Flavor of fish is an important sensory 
characteristic for consumers and it is of increasing concern to aquaculture industry. 
Since flavor enhanced fish is a newly developed fish product, the depuration rate of 
bromophenols has never been investigated. There is limited information available in the 
literature on depuration rate of bromophenols. This chapter mainly based on the 
research by Ma et al. in the year 2005. 
In fact, sensation of food includes the basic five senses: sight, taste, odor, hearing 
and touch. Beside flavor, appearance and texture are also sensory properties of food. 
Consumers select and purchase food products with good quality such as good flavor, 
good texture and good color. They are also concerned for diet and health. Determination 
of food composition is often required in food science investigations to ensure food 
quality, which affects acceptability of food products in the market. Therefore, food 
quality, including chemical composition and physical properties, is always monitored 
throughout food development and food production process. 
In this study, giant groupers {Epinephelus lanceolatus) were aquacultured in 
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Marine Science Laborartory (MSL) at the Chinese University of Hong Kong (CUHK). 
They were divided into three groups each containing 24 fishes. Feed containing of 0% 
of dried seaweed, 15% of dried seaweed and 30% of dried seaweed were prepared, 
respectively. The three groups of fish were fed separately in each recirculation tank with 
these modified feed containing seaweed. The fishes were fed daily for about 24 weeks 
before experiment. After that, they were fed with purchased bromophenol-deprived 
commercial feed for about 6 weeks. Sampling for the analysis was done from 17 April 
2008 to 25 May 2008. They were evaluated for their skin color, texture, and their 
nutritious values of fat, protein, ash and moisture contents, as well as the evaluation of 
the change in bromophenol content. The raw data of bromophenol depuration were 
listed in Appendix. The attributes of fish quality were monitored throughout the process. 
The hypothesis was that food quality was not affected in groupers fed with 
bromophenol-deprived feed. 
3.2 Materials and Methods 
3.2.1 Abbreviation of treatment groups and design of experiment 
For simplification of expression of the specific treatment groups, the following 
abbreviations were used throughout the text. "Osw" (control group) refers to the 
treatment group of giant groupers originally fed with food without seaweed. "15sw" 
refers to the treatment group of giant groupers originally fed with feed containing 15% 
seaweed. "30sw" refers to the treatment group of giant groupers originally fed with feed 
containing 30% seaweed. 
Each group of fish was divided and cultivated in three 1 -tonne plastic tanks which 
were equipped with skimmer, filtration system and gas stone. Each designated tank was 
supplied each day with the appropriate feed at an amount of 2-3% of the total fish 
weight measured monthly. At the end of the 24-week feeding programme, all groups 
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were fed with the commercial feed containing no seaweed for another 6 weeks. Day 0 
was designated as a day within the 24山 week feeding programme. At day 0, 4, 9, 16, 23 
and 38, a fish was randomly picked from each tank, sacrificed immediately and 
analyzed as described in subsequent sections. 
3.2.2 Sample preparation 
All Osw, 15sw and 30sw treatment groups were analyzed for fish quality. Three 
fish samples from each group were randomly picked. The length and weight of each 
individual fish sample was measured. Each individual fish was beheaded, deboned and 
eviscerated, and cut to obtain two fillets. The color of flesh was measured by a 
colorimeter (LabScan XE, Hunter Associates Laboratory, Inc., Reston, Virginia, U.S.A.). 
Cubes offish fillet (approx. 2x2x2 cm^) were collected from the ventral parts, wrapped 
in aluminum foil and cooked in a steamer for 10 minutes before instrumental texture 
analysis was carried out. 
The fillets were quickly cooled in an ice-bath before further preparation because 
long storage and fluctuation at room temperature may cause both chemical and physical 
changes that influence intrinsic structural properties of the fillet (Einen et al., 2002; 
Garcia et al” 1999). For longer storage, fish fillets were washed, packed in a plastic bag 
and kept frozen at -20°C to minimize chemical changes in later experiments (Morkore et 
a/., 2002; Gomez-Guillen et al., 2000). Bromophenol content and other fish qualities of 
the frozen fillets were investigated within one day after thawing to minimize chemical 
and physical changes (Einen et al” 2002). 
3.2.3 Ingredients 
The ingredients of fish feeds contained fish meal, wheat flour, vegetable oil, 
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Vitamin mix, mineral mix, seaweed powder and carboxylmethylcellulose (CMC). The 
formulation of the man-made seaweed-containing fish feeds were based on scientific 
literature and information from previous investigations. 
3.2.4 Production off ish feed 
The seaweed-containing feeds used in the first 24 weeks were tailor-made 
manually, while the bromophenol-deprived feed used in the last 5 weeks was 
commercially purchased from a local distributor. 
For the production of fish feed, all the dry ingredients were first mixed by a 
commercial mixer for 5 to 10 minutes. Oil and water-containing vitamins were then 
added. The whole moistened mixture was further mixed for 10 minutes. Until the 
mixture was ready for extrusion, it was transferred to the holding pan of a single screw 
extruder. The extruder with pore diameters of 4mm was installed. Wet feed dough was 
manually fed to the extruder. Extruded products were collected in open containers. They 
were cooled to room temperature before they were packed. The packed feeds were 
stored in cold room at 4°C until they were used. Feed formulation is shown Table 3.1. 
3.2.5 Preparation of the internal standard, Pentachloroanisole 
Pentachloroanisole (0.05g) was added to 500mL solvent of pentane/diethyl ether (9:1 
v/v) in a 500mL volumetric flask, and mixed well and set as stock. It was further 
diluted with the same solvent in a lOOmL volumetric flask to reach a concentration of 
0.993 (1 g/mL. The internal standard was kept in the glassware, wrapped with parafilm, 
and stored in the freezer at -20 "C. 
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Table 3.1 Basic feed formulation for the fish investigation (Ma et al., 2005) 
Items 0% seaweed 15% seaweed 30% seaweed 
Fish meal (g) 4800 4800 4800 
Fat (g) 496 280 55.84 
Flour (g) 587.78 597.78 811.86 
Vitamin (g) 80 80 80 
Mineral (g) 320 320 320 
Seaweed fiber (g) 0 988 2400 
Carboxymethyl 120 120 120 
cellulose (g) 
Total weight (g) 6403.78 7185.78 8587.7 
Energy 267.6 267.6 267.6 
(Kcal/lOOg) 
74 
3.2.6 Simultaneous steam distillation-solvent extraction (SDE) 
The bromophenol extraction method was modified from that of Whitfield et al. 
(1997). Fish flesh (25g) was defrosted and homogenized by a National blender 
(MX-T2GM, Matsushita Electric Co. Ltd., Taipei, Taiwan) for 10 seconds. 
Homogenized samples and 500 mL of boiled double distilled water were transferred to a 
5L round bottom flask and mixed well. The samples were then acidified to pH 1 with 
96% sulfuric acid. Simultaneous steam distillation-solvent extraction with 40mL of 
pentane/diethyl ether (9:1 v/v) for 2 hrs was carried out in a Likens and Nickerson type 
SDE apparatus (Cat: No. K-523010-0000, Kontes, Vineland, NJ, USA). Internal 
standard (pentachloroanisole, 0.5mL with concentration at 0.993 fi g/mL) was added 
after extraction. Triplicate extractions were carried out for each sample. Each extract 
collected was further concentrated to 0.25mL with a stream of ultra-high purity 
(99.999%) nitrogen gas and dried by 2.85g anhydrous sodium sulfate. Each 
concentrated extract was temporarily stored in a 15mL centrifuge tube at -20°C until 
further analyses were carried out. 
3.2.7 Gas chromatography-mass spectrometry (GC-MS) 
A GC-MS system consisting of a Hewlett-Packard 6890 GC coupled with a HP 
5973 mass selective detector (MSD) (Hewlett-Packard Co., Palo Alto, CA) was used for 
qualitative and quantitative analyses. Two microliter of each extract was injected in 
splitless mode with injector temperature at 200°C, into a fused silica open tubular 
column (Supelcowax-10, 60 m length x 0.25 mm i.d x 0.25 fi m film thickness; 
Supelco, Inc., Bellefonte, PA). Helium gas (ultrahigh purity grade, 99.999%) was used 
as the carrier gas at a constant linear velocity of 30 cm/s. Oven temperature was 
programmed from 100 to 200°C at a ramp rate of 10°C/min. The initial and final hold 
times were 5 and 90 minutes, respectively. MS interface, ion source and MS qiiadmpole 
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temperatures were set at 250°C, 230�C and 106°C, respectively. Ionization voltage was: 
70 eV and electron multiplier voltage was 1200V. Selected ion monitoring (SIM) mode 
was used. Ions were monitored for 2BP and 4BP at mlz 172 and 174; for 24DBP and 
26DBP at mlz 250 and 252; for 246TBP at mlz 330 and 332; and for internal standard 
pentachloroanisole at mlz 237 and 280. (Whitfield et al., 1997; Chung et cd., 2003b) 
3.2.8 Bromophenol identification and quantification 
The presence of each bromophenol was confirmed by the detection of a single peak 
in the selected ion chromatogram at corresponding retention time and by the presence of 
two characteristic ions listed above with particular isotopes ratios (Whitfield et a!., 
1997). For quantification, 3-point calibration curves for each bromophenol were 
established. 
3.2.9 Recovery of bromophenols 
Five milligrams of each of the five bromophenols was added to 50g freshwater 
grass carp flesh, which did not contain bromophenols. The recovery of each 
bromophenol from the SDE technique was determined by the ratio of concentration of 
bromophenol detected to the concentration of bromophenol added to the grass carp flesh 
(Chung et cd., 2003b). Known amount of each bromophenol was extracted by SDE 
method and quantified with the same GC-MS system under the same experimental 
conditions described above. The values of recovery were applied to calculate the 
original amount of bromophenols in the giant grouper samples. 
3.2.10 Muscle color determination 
Fishes were scaled and washed before color was measured using a Hunter 
colorimeter (LabScan XE, Hunter Associates Laboratory, Inc., Reston, Virginia, U.S.A). 
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Color parameters (L, a and b values) were measured. Freshly collected raw fillet were 
placed on the window of the colorimeter with the muscle side facing down. Average 
values were made for each fish by measuring the fish 3 times with rotation of 120° each 
time. Three replicas were investigated. 
3.2.11 Texture analysis 
Muscles with about 2x2 cm^ surface area were cut from the anterior ventral part of 
each fillet, immediately wrapped in aluminum foil and temporarily cooled in an ice-bath. 
The fish muscle pieces were steamed for 10 minutes before texture analysis (Veland and 
Torrissen, 1999). 
Texture Analyzer, model TA-XT2i (Stable Micro System, Inc., Surrey, England) 
connected to a computer, and equipped with P/5 cylindrical probe was used to measure 
the steamed fillet. After calibration with a 5kg calibration weight, analysis was 
performed by setting the probe to press downward at a constant traveling speed at 
2.0mm/s and cutting through the cooked cubic fillets vertically at 90° angle. Samples 
were placed on the Texture Analyzer base with the skin side facing down. Data were 
recorded and analyzed using the "Texture Expert for Windows" software programme 
(1998, Stable Micro System, Inc., Surrey, England). The force that needed to cut 
through the muscle sample was recorded, and a force-time graph was provided by the 
computer system. The peak height in the curve represents the maximum shear force, 
which is the maximum resisting force to the cutting of the muscle samples, and is 
described as the index of hardness. Cohesiveness, springiness, chewiness and resilience 
were calculated based on the data collected from the measurements (Bourne, 1978). 
Three replicas were investigated. 
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3.2.12 Moisture determination 
The moisture content of giant grouper muscle was analyzed by oven drying 
method according to AOAC Official Method 950.46. Five grams of fillet were 
transferred to an aluminum foil cup. The cup was weighed before and after filling with 
sample. A conventional oven (Sheldon 1430, Sheldon Manufacturing, Inc.) was used 
to dry the sample in high temperature at 105�C for 16 to 18 hr overnight until the weight 
was constant. The dried sample with the cup was weighed again. Triplicate 
determinations were carried out. The moisture content was calculated by percentage of 
weight loss. The equation is shown below. 
o/oMoisture (wt/wt) = weight of wet sample - weight of dry sample ^ ^ ^ ^ 
weight of wet sample 
3.2.13 Ash determination 
Ash was determined according to AOAC Official Method 920.153, by using a 
muffle furnace (Vulcan A550, NEYllOOC). Three grams of dried samples were placed 
in a covered porcelain crucibles, and incinerated in a muffle furnace maintaining at 550 
°C overnight until complete combustion was carried out. Water and volatiles were 
vaporized and organic matters were burned. After that, the crucibles were cooled and 
placed in desiccator before weighing. Ash was determined from the weight left. 
Triplicate determinations were carried out. The equation is shown below. 
o/oAsh on dry weight basis = weight after ashing ^ 刚 
initial dry sample weight 
3.2.14 Fat determination 
Fat was determined according to AOAC Official Method 991.36. Samples were 
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predried at 50�C overnight, grinded into powders to reduce size and homogenized. Fat 
was detected by an organic solvent extraction method, soxhlet extraction, which is a 
semicontinuous extraction method. It was determined using a Soxtec System HT 
(Tecator extraction unit 1043 and Tecator service unit 1046). Five grams of dried 
samples were placed in extraction thimbles, covered with glass wool, and dissolved in 
light petroleum ether in boiling flask, boiled and condensed, rinsed and desolventised, 
dried in an oven at 100�C for 40 minutes and weighed. Percentage of fat was calculated 
as follows. 
o/oFat on dry weight basis = weight of fat in sample 乂 � 
weight of dried sample 
3.2.15 Protein determination 
Crude protein content was detected by using Kjeldahl method. It was determined 
using a Kjeldahl System I (Tecator digestor 2006 and Tecator distilling unit 1002). 
Sample was first digested with 18M sulphuric acid at 420�C until clear, in the presence 
of Kjeltab catalyst, in a Kjeldahl flask. Reaction of nitrogen with sulphuric acid made 
the total nitrogen content converted to ammonium sulphate. They were then diluted with 
water, neutralized with sodium hydroxide, and distilled into boric acid solution which 
contained indicator of methyl red. The resulting borate anions were titrated against 
hydrochloric acid. In this process, the nitrogen was converted back. The chemical 
reactions are showed as follows. 
Digestion: Protein • (NH4)2S02 (aq) 
Neutralization and Distillation: 
(NH4)2S02(ac,) + 2NaOH(aq) "> 2NH3(g) + NH2SO4 (aq)+ 2H20(|) 
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N H 3 ( g ) + H 3 B O 3 (aq) + N H 4 (aq)+ H s B C V ^ 
Titration: HaBCV^ + H+(aq) + HsBOscaq) 
The percentage of crude protein is calculated 
0/ D — v o l u m e of HCl x molarity of HCl x l .4 . 
/oProtem = • ^ 卩 ： x conversion factor of 6.25 
dry weight of sample 
3.2.16 Statistical Analysis 
All samples were run at triplicate. Fish qualities and bromophenol content 
depuration over time among the three treatment groups were tested by computer 
software OriginPro 8. Two-way ANOVA (Group x Time) were carried out for data 
analysis at/?=0.05 level of significance. Equations were generated by curve fitting using 
OriginPro 8. 
3.3 Results and Discussion 
In this study, samples were collected for analysis at days 0, 4, 9, 16, 23 and 38. 
Changes in color, texture, moisture content, fat content, protein content, ash content and 
bromophenol content were monitored. Food quality of giant grouper was also measured. 
It is important because consumers will not purchase a food unless it has high 
acceptability according to their perception of the food quality (Cornell, 1995). When the 
fish quality of the giant groupers is able to be maintained at high level and the retention 
of bromophenol is high during the period of feeding with bromophenol-deprived feeds, 
the market value of the giant groupers would be expected to remain high. The flavor 
enhancement method would be more advantageous when no side effect was proved to 
affect the food quality. 
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3.3.1 Muscle color of giant grouper 
Three color parameters (L, a and b values) were measured. “L” is the lightness axis 
with 0 equals black and 100 equals white, "a" refers to red-green axis with positive 
values for red, negative values for green and zero for neutral, "b" refers to blue-yellow 
axis with positive values for yellow, negative values for blue and zero for neutral. 
Fish muscle with color change may have effect on the preference by consumer. Six 
pigment types, including melanophores, xanthophores, erythrophores, iridophores, 
leucophores and cyanophores, were reported in fish (Bagnara, 1998). They affect skin 
color but not relate to flesh color. Fish feed containing pigment may have effect on flesh 
color. For example, com gluten-based diet induces yellowness and 
canthaxanthin-supplemented diet induces redness in fish flesh (Skonberg et al, 1998). 
Sensory assessors preferred fish flesh colored with astaxanthin (Yanar et al., 2007). 
When pigment source was not incorporated in the fish feed, no obvious color change 
was expected to be observed. Besides, bacterial spoilage can be a reason for fish color 
change (Miller et al., 1973). From the result, lightness and "a" value were consistent 
among groups at each collection day and for individual groups during collection period 
0?>0.05) (Figure 3.1 and 3.2). ‘‘b，’ value was consistent in early collection days (p>0.05), 
but had some changes found at day 23 and day 38 (p<0.05) (Figure 3.3). Overall, 
muscle color was generally consistent. Seaweed-containing feed ideally not affect the 
muscle color in giant grouper. The average "a" of Osw, 15sw and 30sw were 0.96±0.44, 
1.08±0.43 and 0.87±0.46, respectively. No significant difference in ‘‘a，，were found 
among the three treatment (/?>0.05). The average "b" of Osw, 15sw and 3Osw were 
4.03土0.71，5.22±0.71 and 4.53±0.41, respectively. No significant difference in ‘‘b” were 
found among the three treatment (p>0.05). The average ‘‘L” of Osw, 15sw and 30sw 
were 25.49±4.19, 29.78±4.08 and 26.03±3.32’ respectively. No significant difference in 
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Figure 3.1 Mean (±SD) lightness of muscle color in grouper fed with 0%, 15% and 30% 
seaweed-containing feeds (n=3). No significant difference (ANOVA, p>0.05) in 
lightness was found among the treatments at each collection day nor for each treatment 
at different collection days. 
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Figure 3.2 Mean (±SD) “a，，value of muscle color in grouper fed with 0%, 15% and 
30% seaweed-containing feed (n=3). No significant difference (ANOVA, j!7>0.05) in "a" 
value was found among different treatments at each collection day nor for each 
treatment at different collection days. 
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Figure 3.3 Mean (±SD) "b" value of muscle color in grouper fed with 0%, 15% and 
30% seaweed-containing feed (n=3). * indicates significant difference (ANOVA, p<0.05) 
in "b" value between 0% and 15% seaweed-containing feed treatments at Day 23 and 
Day 38. Also, # indicates significant difference (ANOVA, ;?<0.05) in “b，，value between 
0% and 30% seaweed-containing feed treatments at Day 23. No significant difference 
(ANOVA, p>0.05) in "b" value was found for individual treatments during different 
collection days. 
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“L” were found among the three treatment O>0.05). The muscle color of giant grouper 
can be described as slightly more red, yellow and towards dark color. 
3.3.2 Texture of giant grouper 
Texture is one of the quality factors in food that significantly affects its 
acceptability by consumers. Food products with acceptable texture would increase the 
market competitiveness and the profit. When there is a sense of touch between the 
human body and the food, such as the muscle sense in the mouth, there is a response of 
physical stimuli. Texture analysis was studied by mechanical measurement of the 
physical property of a food derived from the macroscopic structure of food. (Bourne, 
1980; Hyldig and Nielsen, 2001). 
In this study, five parameters, including hardness, springiness, cohesiveness, 
chewiness and resilience, were determined. Hardness represents the peak force of the 
first bite of the food product. Cohesiveness represents how well the product withstands 
deformations. Springiness represents how well a food product physically springs back 
after it has been deformed during the first bite. Chewiness represents the effect from 
springiness, hardness and cohesiveness. Resilience represents how well a food product 
regain its original position when it is chewed (Bourne, 1978). 
Hardness among the groups was consistent (p>0.05), except 15sw varies at day 23 
(Figure 3.4). Springiness of 30sw varied in early dayO and day 9 and that of 15sw varied 
in later day 9 and day 23 (p<0.05) (Figure 3.5). Cohesiveness among groups was 
consistent (/?>0.05), with only 30sw varies at day 9 (p<0.05) (Figure 3.6). Chewiness 
among groups was consistent (p>0.05), except 30sw varies at day 23 (Figure 3.7). 
Resilience was consistent among all treatment groups at each collection day and for 
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each treatment during the collection period (/7>0.05) (Figure 3.8). 
Overall, fish texture generally remains consistent except differences occurred in 
some days. This may be caused by overheating or uneven steaming of the muscle 
samples before measurement. The denaturation and loss of muscle protein may occur 
during cooking (Bugeon et al., 2003). Protein is the main component of muscle and its 
reduction decreases muscle hardness and other parameters. High temperature also 
causes the breakdown of collagenous membranes. The connective tissue is responsible 
for the degree of firmness in the muscle because it covers the muscle fibres to make 
them tightly packed (Hurling et cd., 1996). Moreover, bacterial spoilage may affect the 
flesh texture (Miller et al” 1973). The cutting size of the muscle may affect the 
measurement, so the muscle samples should be prepared in a consistent manner. Finally, 
fish feed formulation can affect textural properties of fish. Favorable textural properties 
were reported for using lipid rather than carbohydrate as a major feed ingredient (Suarez 
et al., 2008). 
3.3.3 Proximate analysis of giant grouper 
Ash content represents the total mineral content, which was the inorganic residue 
remaining after complete oxidation of organic matter in food. Fish consist of minerals 
including iron, calcium and vitamins A, D, E and K. Fish is rich in mineral and protein 
with all essential amino acids (Simopoulos, 1995). Besides, fish contains low 
cholesterol, low saturated fat content but high long chain polyunsaturated fatty acids 
compared with other lean meat. The long chain polyunsaturated fatty acids has 
hypolipidemic property to lower triglycerides and raise high density lipoprotein content 
in blood that decreases blood cholesterol concentration (Harris, 1989). The 
polyunsaturated fatty acids such as eicosapentaenoic acid (EPA) and docosahexaenoic 
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Figure 3.4 Mean (±SD) hardness of grouper fed with 0%, 15% and 30% 
seaweed-containing feeds (n=3). * indicates significant difference (ANOVA, jp<0.05) in 
hardness between 0% and 15% seaweed-containing feed treatments was found at Day 
23. No significant difference (ANOVA, ；7>0.05) in hardness was found for individual 
treatments during different collection days. 
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Figure 3.5 Mean (士SD) springiness of grouper fed with 0%, 15% and 30% 
seaweed-containing feed (n=3). * indicates significant difference (ANOVA, ；7<0.05) in 
springiness between 0% and 30% seaweed-containing feed treatments was found at 
Days 0 and 9. Also, # indicates significant difference (ANOVA, p<0.05) in springiness 
between 0% and 15% seaweed-containing feed treatments at Days 9 and 23. No 
significant difference (ANOVA, j9>0.05) in springiness was found for individual 
treatments at different collection days. 
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Figure 3.6 Mean (士SD) cohesiveness of grouper fed with 0%, 15% and 30% 
seaweed-containing feed (n=3). * indicates significant difference (ANOVA, ；?<0.05) in 
cohesiveness between 0% and 30% seaweed-containing feed treatments at Day 9. No 
significant difference (ANOVA, p>0.05) in cohesiveness was found for individual 
treatments at different collection days. 
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Figure 3.7 Mean (±SD) chewiness of grouper fed with 0%, 15% and 30% 
seaweed-containing feed (n二3). * indicates significant difference (ANOVA, p<0.05) in 
chewiness between 0% and 30% seaweed-containing feed treatments at Day 23. No 
significant difference (ANOVA, p>0.05) in chewiness was found for individual 
treatments at different collection days. 
90 
0 351 Resilience vs Time 
0 30 _ —•— 0% seaweed 
15 % se aw eed 
A A 30% seaweed 
� . 2 5 : h K \ 
a> 0.20 - \ 
J -、！二“：；^  丨 . ^ ^ ！ ^ ^ ^ 匪 ^ ^ ^ ^ ^ ^ ^ ^ 
0 . 1 0 - j 
0.05-
禱 
0 5 10 15 20 25 30 35 4 0 
Day 
Figure 3.8 Mean (土SD) resilience of grouper fed with 0%, 15% and 30% 
seaweed-containing feed (n二3). No significant difference (ANOVA, p>0.05) in 
resilience was found among the treatments at each collection day nor for each treatment 
at different collection days. 
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acids (DHA) have positive health effects for visual, neural and cerebral development in 
newborns (Makrides et al., 1994). Omega-3 fatty acids have hypotensive property to 
prevent myocardial infarction and high blood pressure (Simopoulos, 1991). Hence, fish 
has high nutritional value and important health effects for human. 
In this study, moisture content, ash content, fat content and protein content were 
consistent among treatment groups over time (p>0.05) (Figure 3.9-3.12). Nutritional 
values of giant grouper were not affected after the fish feed diet changed from 
containing seaweed to no seaweed. Average moisture ranged from 73.45±1.60o/o to 
75.54士 1.240/0. Average ash content ranged from 4.84±0.49o/o to 4.96士0.38o/o. Average 
fat ranged from 21.95±4.09% to 24.66±2.92%. Average protein ranged from 
64.12±4.60o/o to 69.09士 1.940/0. The giant grouper maintained with high nutritional 
values and enhanced flavor is supposed to optimize its market value. 
3.3.4 Bromophenol depuration in giant grouper 
The quantitative knowledge of uptake, metabolism pathway, excretion process and 
depuration process of chemicals in the organisms is required for prediction of 
bioaccumulation of the chemicals along food web (Carafa, 2009). These parameters can 
be strictly related to specific physiological characteristics, feeding behavior and 
metabolism of the fish and also related to the chemical and physical properties of the 
chemicals (Pereira et al., 1996). When fish are exposed to organic chemicals like 
bromophenols in the ambient water, they take up the bromophenols and accumulate it in 
their tissues (Howgate, 2004). However, little information exists regarding the 
parameters like retention time, the metabolism pathways, uptake dynamics, excretion 
rates and the depuration of bromophenols in fish (Uno et al, 1997). 
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Figure 3.9 Mean (±SD) moisture content of flesh of grouper fed with 0%, 15% and 30% 
seaweed-containing feed (n=3). No significant difference (ANOVA, /7>0.05) in moisture content of flesh 
was found among the treatments at each collection day nor for each treatment at different collection days. 
Figure 3.10 Mean (士SD) ash content of grouper fed with 0%, 15% and 30% seaweed-containing feed 
(n=3). No significant difference (ANOVA, p>0.05) in ash content was found among the treatments at 
each collection day nor for each treatment at different collection days. 
Figure 3.11 Mean (±SD) fat content of grouper fed with 0%, 15% and 30% seaweed-containing feed 
(n=3). No significant difference (ANOVA,/?>0.05) in fat content was found among different treatments at 
each collection day nor for each treatment at different collection days. 
Figure 3.12 Mean (士SD) protein content of grouper fed with 0%, 15% and 30% seaweed-containing feed 
(n=3). No significant difference (ANOVA, p>0.05) in protein content was found among different 
treatments at each collection day nor for each treatment at different collection days. 
93 
This study showed that bromophenols naturally depurated in fish fed with 
bromophenol-deprived feeds. The depurations of bromophenols are shown in Figure 
3.13-3.18. Except 26DBP, concentrations of 2BP, 4BP, 24DBP, 246TBP and TBC in 
each treatment group significantly decreased during the collection days. For both 15 and 
30o/o seaweed treatments, the amount of bromophenols tended to decrease from dayO 
and the rest of collection days. For 26DBP, no significant change results for individual 
treatments neither during the collection period nor among treatments at each collection 
day. 26DBP with Log P <3 is less likely to bioconcentrate in giant grouper when 26DBP 
is in very low concentration (Poels et al., 1988). 
For 26DBP and 246TBP, the original 15% seaweed treatment changed in similar 
pace with the 0% seaweed treatment at most collection days. Except in 26DBP, 
significant difference between 30% and 0% seaweed treatment were found at particular 
collection days. With comparison on bromophenol depuration in 15% and 30% seaweed 
containing treatment, 15% seaweed treatment seems to be more consistent with 0% 
seaweed treatment. 30% seaweed treatment had more significant difference in 
bromophenols than that of 0% and 15% seaweed treatment when compared at different 
collection days. Based on this investigation, feed formulation with higher 
seaweed-content induced higher bromophenol content in giant grouper, but is necessary 
to continue feeding with seaweed-containing feed to keep the bromophenol level high. 
It was suggested that bromophenol-rich diet can be used in the finishing stage of growth 
to overcome the problem of variability in bromophenol content (Whitfield et al., 2002). 
Elimination process of bromophenol in fish is barely known. It may correlate to lipid 
consumption, biotransformation or exchange of bromophenols between muscle and 
liver (Goerke and Weber, 2001). Equations of TBC depuration in 15% seaweed 
treatment and 30% treatment might be useful to estimate the depuration of 
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Figure 3.13 Mean (±SD) 2BP depuration in grouper previously fed with 0%, 15% and 
30% seaweed-containing feed (n=3). Significant difference in 2BP concentration in 30% 
seaweed treatment (ANOVA, j9<0.05) was found for individual treatments between the 
first and the rest of the collection days as shown by letters (a, b, c."etc.). Significant 
difference in 2BP concentration in 15% seaweed (ANOVA, p<0.05) was found for 
individual treatments between the first and the last of the collection days as shown by 
letters (A, B, C...etc.) Also, * indicates significant difference in 2BP concentration 
(ANOVA, p<0.05) between 0% and 30% seaweed-containing feed treatments at Days 0, 
16 and 38. Similarly, # indicates significant difference (ANOVA,/7<0.05) between 0% 
and 15% seaweed-containing feed treatments at Day 16. Interaction (Group x Time) was 
0.005. The difference in mean values among the groups along with time were 
statistically significant at p<0.05. 
The following are the equations showing 2BP depuration with 
Treatment fed with 0% seaweed-containing feed: 
y = 0.013x5 - 0.227x4 + 1.449x^ - 4.235x^ + 5.410x - 1.704 equation (1) 
Treatment fed with 15% seaweed-containing feed: 
y = 0.003x5 - 0.065x4 + 0.463x^ - 1.531x^ + 2.047x - 0.107 equation (2) 
Treatment fed with 30% seaweed-containing feed: 
y = -0.003x5 + 0 066x4 _ o.sygx^ + 2.662x^ - 6.51 Ox + 6.705 equation (3) 
where "x" and “y，，represent the collection day and 2BP, respectively. 
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Figure 3.14 Mean (士SD) 4BP depuration in grouper previously fed with 0%, 15% and 
30% seaweed-containing feed (n=3). Significant difference in 4BP concentration 
(ANOVA, p<0.05) was found for treatment fed with 30% seaweed containing feed 
during the collection days as shown by letters (a, b, c".etc.). No significant difference 
in 4BP concentration (ANOVA, ；7>0.05) was found for treatment fed with 15% seaweed 
containing feed during the collection days. Also, * indicates significant difference in 
4BP concentration (ANOVA, <0.05) between 0% and 30% seaweed-containing feed 
treatments at Days 0, 16 and 38. Similarly, # indicates significant difference (ANOVA, 
/kO .OS ) between 0% and 15% seaweed-containing feed treatments at Day 38. 
Interaction (Group x Time) was 0.004. The difference in mean values among the groups 
along with time were statistically significant atp<0.05. 
The following are the equations showing 4BP depuration with 
Treatment fed with 15% seaweed-containing feed: 
y = 0.004x4 + 0.005x3 - 0.121x2 + 0.278x - 0.086 equation (1) 
Treatment fed with 30% seaweed-containing feed: 
y = 0.006x5 - 0.116x4 + 0.775x^ - 2.364x^ + 3.174x - 1.263 equation (2) 
where “x” and "y" represent the collection day and 4BP, respectively. 
The equations for 4BP depuration with treatment fed with 0% seaweed-containing feed 
is not indicated because 4BP was not detected in that treatment. 
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Figure 3.15 Mean (±SD) 24DBP depuration in grouper previously fed with 0%, 15% 
and 30% seaweed-containing feed (n=3). Significant difference in 24DBP concentration 
in 30% seaweed treatment (ANOVA, ;?<0.05) was found for individual treatment mainly 
between the first and the rest of the collection days as shown by letters (a, b，c...etc.). 
Significant difference in 24DBP concentration in 15% seaweed treatment (ANOVA, 
p<0.05) was found for individual treatment mainly between the first and the rest of the 
collection days as shown by letters (A, B, C...etc.).Also, * indicates significant 
difference in 24DBP (ANOVA, jckO.05) between 0% and 15% seaweed-containing feed 
treatments at Day 16. Similarly, no significant difference (ANOVA, ；7>0.05) was found 
between 0% and 30% seaweed-containing feed treatments at each collection day. 
Interaction (Group x Time) was 0.004. The difference in mean values among the groups 
along with time were statistically significant at；7<0.05. 
The following are the equations showing 24DBP depuration with 
Treatment fed with 0% seaweed-containing feed: 
y = 0.006x5 - 0.083x4 + 0.272x3 + 0.133x2 - 1.761x + 2.347 equation (1) 
Treatment fed with 15% seaweed-containing feed: 
y = -0.021x5 + 0.393x4 - 2.747x^ + 9.127x^ - 14.47x + 9.037 equation (2) 
Treatment fed with 30% seaweed-containing feed: 
y = 0.022x5 - 0.397x4 + 2.595x^ - 7.644x^ + 9.546x - 3.157 equation (3) 
where "x" and “y” represent the collection day and 24DBP, respectively. 
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Figure 3.16 Mean (±SD) 26DBP depuration in grouper previously fed with 0%, 15% 
and 30% seaweed-containing feed (n=3). No significant difference in 26DBP 
concentration (ANOVA, ；?>0.05) was found among individual treatments at each 
collection day nor individual treatment during collection days. 
Interaction (Group x Time) was 0.005. The difference in mean values among the groups 
along with time were statistically significant atp<0.05. 
The following are the equations showing 26DBP depuration with 
Treatment fed with 0% seaweed-containing feed: 
y = 0.001x5 - 0.032x4 + 0.333x^ - 1.467x2 + 2.537x - 0.866 equation (1) 
Treatment fed with 15% seaweed-containing feed: 
y = -0.020x5 + 0.348x4 - 2.244x^ + 6.671x^ - 9.506x + 6.281 equation (2) 
Treatment fed with 30% seaweed-containing feed: 
y = 0.016x5 - 0.296x4 + 2.058x^ - 6.49Ix^ + 8.692x - 3.087 equation (3) 
where “X” and "y" represent the collection day and 26DBP, respectively. 
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Figure 3.17 Mean (±SD) 246TBP depuration in grouper previously fed with 0%, 15% 
and 30% seaweed-containing feed (n=3). Significant difference in 246TBP 
concentration in 30% seaweed treatment (ANOVA, j9<0.05) was found for individual 
treatment mainly between the first and the rest of the collection days as shown by letters 
(a, b, c...etc.). Significant difference in 246TBP concentration in 15% seaweed 
treatment (ANOVA, /><0.05) was found for individual treatment mainly between the 
first and the rest of the collection days as shown by letters (A, B, C".etc.). * indicates 
significant difference in 246TBP (ANOVA, j^<0.05) between 0% and 30% 
seaweed-containing feed treatments at Days 4 and 16. Similarly, no significant 
difference (ANOVA, j9>0.05) was found between 0% and 15% seaweed-containing feed 
treatments at each collection day. 
Interaction (Group x Time) was 0.030. The difference in mean values among the groups 
along with time were statistically significant at p<0.05. 
The following are the equations showing 246TBP depuration with 
Treatment fed with 0% seaweed-containing feed: 
y = 0.209x5 - 3.694x4 + 24A2x^ - 74.47x2 + 101.Ox - 42.95 equation (1) 
Treatment fed with 15% seaweed-containing feed: 
y = -0.010x5+ 0.182x4- 1.238x3 + 4.604x2- 10.58X+ 13.61 equation (2) 
Treatment fed with 30% seaweed-containing feed: 
y = 0.242x5 - 4 644x4 + 33.56x^ - 112.0x2 + 164.6x - 74.01 equation (3) 
where “X” and "y" represent the collection day and 246TBP, respectively. 
99 
—•~ 30% seaweed 
17 -I » 1 5% seaweed 




t l \ 
2- t^r^ X p B 
~ ‘ ~ I ~ “ ~ I ~ “ ~ I ~ I ~ 1 i I ~ I ~ I ~ I — n ~ I 
0 5 10 15 20 25 30 35 40 
Day 
Figure 3.18 Mean (士SD) TBC depuration in grouper previously fed with 0%, 15% and 
30% seaweed-containing feed (n=3). Significant difference in TBC in 30% seaweed 
treatment (ANOVA, p<0.05) was found for individual treatment mainly between the 
first and the rest of the collection days as shown by letters (a, b, c...etc.). Significant 
difference in TBC in 15% seaweed treatment (ANOVA, p<0.05) was found for 
individual treatment mainly between the first and the rest of the collection days as 
shown by letters (A, B, C...etc.). Also, * indicates significant difference in TBC 
(ANOVA, ;?<0.05) between 0% and 30% seaweed-containing feed treatments at Day 16. 
Similarly, no significant difference (ANOVA, ；7>0.05) was found between 0% and 15% 
seaweed-containing feed treatments at each collection day. 
Interaction (Group x Time) was 0.063. The difference in mean values among the groups 
along with time were not statistically significant (p>0.05). 
The following are the equations showing TBC depuration with 
Treatment fed with 0% seaweed-containing feed: 
y = 0.284x5 - 5.387x4 + 38.41x^ - 125.8x2 + 179.5x - 74.81 equation (1) 
Treatment fed with 15% seaweed-containing feed: 
y = -0.049x5 + 0.863x4 _ 5 762x3 + 18.75x^ - 32.23x + 28.73 equation (2) 
Treatment fed with 30% seaweed-containing feed: 
y = 0.232x5 - 4.066x4 + 26.71x3 - 80.89x2 + 108.8x - 44.23 equation (3) 
where “X” and "y" represent the collection day and TBC, respectively. 
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bromophenols in giant grouper after feeding with seaweed-containing feed is stopped 
(Equations 1-3). 
3.4 Conclusion 
Food quality such as color, texture, moisture content, ash content, fat content and 
protein content were studied. Most food quality parameters remained stable for most of 
the days during the 6-week experimental period. This shows that food quality in giant 
groupers was not rapidly affected after depriving them with seaweed-containing feeds 
for six weeks in this investigation. 
Results also showed that bromophenols would naturally depurate during the 
collection days. Except 26DBP with no significant difference found among treatment at 
each collection day and for individual treatment during collection day, there were 
significant changes for both 15% and 30% seaweed treatments during different 
collection days for 2BP, 4BP, 24DBP, 246TBP and TBC. 30% seaweed treatment had 
more significant difference in bromophenols than 0% and 15% seaweed treatment when 
compared in different collection days. 15% seaweed treatment seemed to be more 
consistent in bromophenol content with 0% seaweed treatment. The detailed depuration 
process of bromophenol in fish is not well understood. The equations generated could 
be used by fish farmers to estimate the depuration of bromophenol in giant grouper after 
they stop feeding the fish with bromophenol-containing feed. 
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Chapter 4 
Volatile compounds in giant grouper 
4.1 Introduction 
Determination of food composition is often required in food science investigations 
to ensure food quality, which affects acceptability of food product in the market. 
Consumers care for their diet and health. They select and purchase food products with 
good quality. Therefore, food quality, including chemical composition and physical 
properties, is always monitored throughout food development and food production 
process (Nielsen, 1998). 
Distinct seafood flavor is contributed by both non-volatile taste active components 
and volatile odor active components (Lindsay, 1994). The flavor of fresh seafood is 
described as sweet, plant-like, metallic, brine-like or slightly fishy. Some species have 
specific volatile compounds responsible for their characteristic flavor (Josephson, 1991). 
Seafood flavor compounds, including both volatile and non-volatile ones, greatly affect 
the consumer's preference (Wesson et al., 1979; Josephson, 1991; Shahidi and 
Cadwallader, 1997). Volatile components found in the seafood are usually grouped 
according to their chemical classes. The components may be formed naturally in the 
living species, accumulated through diet, tainted by the living environment, or created 
during food processing. In general, volatile compounds in seafood can be grouped into 
the following categories: (a) naturally occurring compounds including lipid-derived 
volatile aroma compounds (b) acquired compounds and (c) thermally generated 
compounds. 
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In the previous investigation, various bromophenols are found in the giant grouper 
{Epinephelus lanceolatus). Besides bromophenols which give distinctive brine-like 
flavor, various volatile components may also contribute to its overall aroma. Some of 
them may be species-specific in the grouper. Yet the volatile compounds in giant 
grouper have not been reported. Its aroma descriptors are also limited in the literature. 
Since the aroma of fresh fish is a key quality affecting human acceptance of a fish 
product (Lindsay, 1990), and as giant grouper is considered a highly priced fish, 
investigation of its flavor profile is highly valuable. 
This research investigated the overall volatile components collected from the giant 
grouper fed with commercial feeds. The objectives were to qualify and quantify the 
volatile components from the giant grouper collected by (a) the dynamic headspace 
(purge-and-trap), and (b) the simultaneous steam distillation and extraction (SDE) 
methods. 
4.2 Materials and Methods 
4.2.1 Sample preparation 
Giant grouper {Epinephelus lanceolatus) was cultivated in the Marine Science 
Laborartory (MSL) at the Chinese University of Hong Kong (CUHK) for over seven 
months. Similar to previous chapter, the giant groupers were fed with the same 
commercial feed which did not contain seaweed. Three giant groupers were randomly 
picked and sacrificed. For each fish, both dynamic headspace (purge-and-trap) and SDE 
were carried out on the same day of sample preparation. After they were slaughtered, 
deboned, eviscerated and lengthwise filleted, the flesh was cut into small pieces (approx. 
2x2x2 cm^) and homogenized manually for the extraction of volatile compounds. The 
rest of the flesh was frozen immediately in liquid nitrogen and stored at -80°C so as to 
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prevent chemical and physical changes that influence intrinsic structural properties of 
the samples (Einen et al, 2002; Garcia et al., 1999). 
4.2.2 Preparation of the internal standard, 2,4,6Trimethylpyridine (TMP) 
For the internal standard used in dynamic headspace, 0.5mL TMP was mixed with 
boiled double distilled water in a 500mL volumetric flask. To prepare for internal 
standard used in SDE, ImL of the above solution was further diluted in a lOOmL 
volumetric flask. The internal standard was kept in a glass container, wrapped with 
parafilm and stored in a freezer at -20°C. 
4.2.3 Dynamic headspace (purge-and-trap) 
Within the day of sample preparation, volatile compounds in the giant groupers 
were extracted by the dynamic headspace (purge-and-trap) modified from the method as 
described by Santos (2001). Forty grams of fillet was steamed for 6 minutes. Then it 
was transferred to a dynamic headspace sampling glassware. One milliliter of internal 
standard (2,4,6-trimethylpyridine, concentration at 907.83 |Lig/mL water) was mixed 
with the sample. The apparatus was maintained at 50°C by connecting it to a water bath 
system while the flow of the ultra-high purity nitrogen gas was directed over the sample 
for an hour. Volatile compounds were purged at a flow rate of 75mL/min and trapped to 
a glass tube packed with 1.5g Tenax TA (60/80 mesh). By using a bubble meter, the gas 
flow was adjusted and maintained at 75mL/min. At this flow rate, the bubble in the 
meter required 8 seconds to reach the line indicating lOmL. After sampling for Ihr, 
volatile compounds were desorbed from the trap by elution it with 20mL redistilled 
diethyl ether. Triplicate extractions for each sample were carried out. Each sample 
extract collected was further concentrated to 0.25mL with a stream of ultra-high purity 
(99.999%) nitrogen gas dried by passing it through a 2.85g anhydrous sodium sulfate, 
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and collected in a 15mL glass centrifuge tube. The tube was wrapped with parafilm and 
stored in a -20°C freezer until the gas chromatography-mass spectrometry (GC-MS) was 
ready for analysis. 
4.2.4 Simultaneous steam distillation-solvent extraction (SDE) 
Within the same day of sample preparation, volatile compounds in the giant 
grouper samples were extracted by simultaneous steam distillation-solvent extraction 
(SDE) method as described by Chung et al (2001). A 5L round bottom flask with 
several glass beads was added with 400mL boiled double distilled water. Two 20cm 
stainless steel spatulas were inserted and placed in a way in which a cross was formed. 
A stainless steel mesh (20 cm x 20 cm) was folded into W-shape and inserted into the 
5L round bottom flask. The mesh was placed horizontally and supported by the spatulas 
below. Fifty grams off ish pieces were placed on the mesh inside the round bottom flask. 
Before the running of SDE, ImL of internal standard (2,4,6-trimethylpyridine, 
concentration at 9.0783 |Lig/mL water) was added to the fish sample. Redistilled diethyl 
ether (40mL) was used as solvent. The samples were steamed during the running in a 
Likens and Nickerson type SDE apparatus (Cat: No. K-523010-0000, Kontes, Vineland, 
NJ) for 2 hrs. Triplicate extractions for each sample were carried out. Each sample 
extract collected was further concentrated to 0.25mL with a stream of ultra-high purity 
(99.999%) nitrogen gas and dried by passing through a 2.85g anhydrous sodium sulfate 
to a 15mL centrifuge tube. The tubes containing the concentrated extracts were wrapped 
with parafilm and kept at -20�C freezer until the gas chromatography-mass spectrometry 
(GC-MS) analysis was ready. 
4.2.5 Gas chromatography-mass spectrometry (GC-MS) 
A GC-MS system consisting of a Hewlett-Packard 6890 GC coupled with a HP 
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5973 mass selective detector (MSD) (Hewlett-Packard Co., Palo Alto, CA) was used for 
qualitative and quantitative analyses. Five microliter of each extract was injected, in 
splitless mode with injector temperature at 200°C, into a fused silica open tubular 
column (Supelcowax-10, 60 m length x 0.25 mm i.d. x 0.25 [im film thickness; Supelco, 
Inc., Bellefonte, PA). Helium gas with ultra-high purity (99.999%) was used as carrier 
gas with constant linear velocity at 30 cm/s. Oven temperature was programmed from 
35 to 195 at a ramp rate of 2 /min. The initial and final hold times were 5 and 150 
minutes, respectively. Scan mode GC/MS procedure was used. 
4.2.6 Compound identification 
Tentative identifications of compounds were done by matching mass spectra of the 
unknowns with those suggested by the Wiley Registry Chemical database (7th edition, 
John Wiley and sons, Inc., New York, N.Y.). Positive identifications of compounds were 
done by injecting the authentic standards into the GC-MS and comparing their mass 
spectra and retention times (van den Dool and Kratz, 1963) of compounds in the 
extracts with those of authentic standards under the same experimental conditions. 
4.2.7 Quantification of compounds 
Three-point standard curves for each identified compounds were established. Five 
milliliter solutions containing 5mg of each corresponding authentic standard compounds 
were prepared. Serial dilutions at ratios of 1:1, 1:5 and 1:25 were done. Constant 
amount of 5mg 2,4,6-trimethylpyridine was added as an internal standard into each of 
the above prepared solutions. The area ratios of selected ions (authentic standard 
compound/internal standard) were plotted against the amount ratios (authentic standard 
compound/internal standard). Response factors were obtained from the slope of the 
3-point standard calibration curves (Boyle et al., 1992). Positively identified volatile 
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compounds in the extract samples were quantified based on the response factor and its 
area of the specific ion fragment. 
The concentration of a volatile compound in the sample was calculated by the following 
equation. 
Cone, of cpd(ng/g) - [Area ratio (cpd/IS) /Response factor] x Amount of IS (ng) 
Dry weight of sample (g) 
equation (1) 
Where 
cpd: compound; IS: internal standard 
4.2.8 Recovery 
For recovery of identified volatile compound in SDE, 5mg of each corresponding 
authentic standard compound was added to 400mL boiled double distilled water in 5L 
round bottom flask which did not contain fish samples. The recovery of each identified 
volatile compound from the SDE technique was determined by the ratio of 
concentration of volatile compound detected to that of corresponding authentic standard 
compound added. The extracted authentic standard compounds were quantified with the 
same GC-MS system under the same experimental conditions described above. The 
values of recovery represented the efficiency of the SDE technique, and were applied to 
calculate the original amount of identified volatile compounds in the giant grouper 
samples. 
For recovery of identified compound in dynamic headspace, 5mg of each 
corresponding authentic standard compound was added to the dynamic headspace 
sampling glassware without any fish samples. The recovery of each identified volatile 
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compound from the dynamic headspace was determined by the ratio of concentration of 
volatile compound detected to that of corresponding authentic standard compound 
added. The extracted authentic standard compounds were quantified with the same 
GC-MS system under the same experimental conditions described above. The values of 
recovery represented the efficiency of the dynamic headspace extraction, and were 
applied to calculate the original amount of identified volatile compounds in the giant 
grouper samples. 
4.2.9 Odor activity value (OAV) 
Odor activity value (OAV) is ratio of concentration of a compound to its threshold 
value. The higher the OAV, the more flavor impact to the food. OAV is calculated by 
the following equation. 
Calculated OAV = concentration of volatile compound n (2) 
threshold of volatile compound 
4.2.10 Statistical analysis 
The OAV of important positively identified volatile compounds in dynamic 
headspace samples and SDE samples was statistically compared by the student t-test at 
a confidence level of 95%. Statistical software (OriginPro 8 SRI, OriginLab 
Corporation, Northampton, USA) was used in the calculation. 
4.3 Results and Discussion 
4.3.1 Comparison of extraction between dynamic headspace and SDE 
Dynamic headspace sampling and SDE were the two different extraction 
techniques applied to extract the volatile compounds from giant grouper. Both 
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techniques have their advantages and drawbacks. The extraction of volatile compounds 
became more comprehensive and efficient when various extraction methods applied 
together. For dynamic headspace, it minimized the production of thermally generated 
artifacts but extraction efficiency is lower, that may cause many key volatile compounds 
missing out. For SDE, its extraction efficiency is high but large amount of 
heat-generated artifacts or interferences would be produced, that make compound 
identification more difficult (Stephan et al., 2000). 
In this study, fifty-two compounds were positively identified from the combined 
data of SDE samples and dynamic headspace samples. When excluding all positively 
identified contaminants and tentatively identified volatile compounds, totally 41 volatile 
compounds were positively found. Eighteen and 31 of those identified volatile 
compounds were extracted by dynamic headspace sampling and SDE, respectively. The 
volatile compounds extracted by dynamic headspace sampling and those extracted by 
SDE are listed in Tables 4.1 and 4.2, respectively. 
Except the positively identified contaminants, OAVs were calculated for each 
volatile compound (Table 4.3). OAVs of eight compounds found in both extraction 
method were compared using Student's t-test at the significance level of>=0.05. Since 
the odor threshold of a volatile compound is constant, the higher amount of volatile 
compounds extracted, the higher the OAV it will have. SDE method had higher 
extraction efficiency than that of the dynamic headspace sampling method. As higher 
amount of the SDE volatile compounds was extracted, the OAVs are significantly 
higher than those found in the dynamic headspace sampling method (p<0.05). 
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Table 4.1 Volatile compounds positively identified in giant group extracted by 
dynamic headspace 
Group No. Compound 1 Cas^ RT^ mJz' 
Acid 1 Acetic acid 141-78-6 8.77 61 
Alcohol 1 3-Heptanol 589-82-2 33.94 69 
2 3-Octanol 589-98-0 40.81 83 
3 2-Phenylethanol 60-12-8 70.03 91 
Aldehyde 1 n-Butanal 123-72-8 8.32 12 
2 Benzaldehyde 100-52-7 48.95 106 
3 (E)-2-Nonenal 18829-56-6 50.53 55 
4 Ethanal 122-78-1 55.62 91 
5 (E,E)-2,4-Decadienal 25152-84-5 63.6 81 
Alkane 1 Bromochloromethane 74-97-5 16.36 130 
Ketone 1 Acetophenone 98-86-2 56.36 105 
2 3-Methyl-l-indanone 6072-57-7 75.12 131 
3 gamma-Decalactone 706-14-9 82.51 85 
4 gamma-Undecalactone 104-67-6 88.02 85 
N-containing 1 3-Phenylpyridine 1008-88-4 86.92 155 
compound 
S-containing 1 2-Methylthiophene 554-14-3 19.65 97 
compound 
Aromatic 1 2-Methyl naphthalene 91-57-6 68.37 142 
2 Phenol 108-95-2 74.55 94 
‘Compounds in order of their elution sequences in each class of compounds. 
2 Chemical Abstracts Service Registry Number 
3 Retention time 
4 Selected fragment for calculation of compound amount 
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Table 4.2 Volatile compounds positively identified in giant group extracted by SDE 
Group No. Compound' Cas^ r t ^ mlz^ 
Acid 1 Acetic acid 141-78-6 8.77 61 
Alcohol 1 2-Cyclohexen-l-ol 822-67-3 44.83 70 
2 Methanethiol 5271-38-5 48.39 61 
3 2-Phenylethanol 60-12-8 70.03 91 
Aldehyde 1 n-Butanal 123-72-8 8.32 12 
2 Benzaldehyde 100-52-7 48.95 106 
3 (E)-2-Nonenal 18829-56-6 50.53 55 
4 Ethanal 122-78-1 55.62 91 
5 (E，E)-2，4-Decadienal 25152-84-5 63.6 81 
Alkane 1 Ethylidenecyclohexane 1003-64-1 13.96 81 
2 n-Tetradecane 629-59-4 45.21 57 
3 n-Pentadecane 629-62-9 51.45 57 
4 n-Hexadecane 544-76-3 57.71 57 
5 Pristane 1921-70-6 61.79 57 
6 n-Heptadecane 629-78-7 63.41 57 
7 Phytane 638-36-8 67.65 57 
Ketone 1 Mesityl oxide 141.79.7 22.73 83 
2 3-Methyl-2,4-pentanedione 815-57-6 39.51 72 
3 2-Tridecanone 593-08-8 66.9 58 
4 Acetophenone 98-86-2 56.36 105 
5 2-Pyrrolidinone 616-45-5 77.44 85 
N-containing 1 4-Cyanotoluene 104-85-8 60.78 117 
compound 2 N,N-Dibutylformamide 761-65-9 64.25 72 
3 Benzeneacetonitrile 140-29-4 70.99 117 
4 Indole 120-72-9 97.41 117 
Aromatic 1 Guaiacol 90-05-1 67.25 109 
2 2-Methylphenol 95-48-7 74.62 108 
3 2-Ethylphenol 90-00-6 77.98 107 
4 4-Methylpheno 丨 106-44-5 78.38 107 
5 4-Ethylphenol 123-07-9 82.9 107 
6 3-Ethylphenol 620-17-7 83.16 107 
‘Compounds in order of their elution sequences in each class of compounds. 
2 Chemical Abstracts Service Registry Number 
3 Retention time 
4 Selected fragment for calculation of compound amount 
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Table 4.3 Overall important volatile compounds positively identified in giant group 
Group No. Compound' Threshold Media Aroma OAV^ OAV Sig Reference 
value descriptor DHS^ SDE diff.� 
Acid 1 Acetic acid 7.00ppb Water pungent 0.01 0.60 * 1 
Alcohol 1 3-Heptanol 3ppb Water herbal 0.13 nd^ 1 
2 3-Octanol 1.3x10"'ppm Water earthy 0.32 nd 2 
mushroom 
3 Methanethiol IxlQ-^pm Water vegetable nd 0.56 3 
4 2-Phenylethanol 1.2xl0^ppm Others floral 0.37 1.84 * 4 
Aldehyde 1 n-Butanal 9ppb Water pungent 2.83 47.80 * 1 
2 Benzaldehyde 4.29x10"Vpm Water fruity 0.59 12.91 * 5 
3 (E)-2-Nonenal 8xl0"^ppb Water cucumber 0.04 9.92 * 1 
4 Ethanal 6.88x10'Vpni Water etherial 1.05 36.20 * 5 
5 (E,E)-2,4-Decadienal TxlO'^pb Water fatty 3.71 70.45 * 1 
Ketone 1 Mesityl oxide l.TxlQ-^ppm Air Pungent, nd 0.98 6 
earthy, 
2 Acetophenone 65ppm Water sweet 0.48 2.33 * 7 
3 2-Tridecanone 1.82xl0^ppm Others fatty nd 3.16 8 
4 gamma-Decalactone 1.4xl0"'ppm Water sweet 0.08 nd 8 
5 gamma.-Undecalactone 9.5xl0''ppm Others fruity 0.44 nd 8 
N-containing 1 Indole 2xl0"^ppm Synthetic pungent nd 4.7 9 
compound deodorized 
butter 
Aromatic 1 Guaiacol 7xl0"^ppm Paraffin Sweet, nd 3.7 10 
spicy 
2 Phenol 5.9ppm Water phenolic 1.9 nd 2 
‘Compounds in order of their elution sequences in each class of compounds. 
2 Mean OAV from three replicas 
3 Volatile compound extracted by dynamic headspace sampling 
4 nd: compound not detected in the sample 
5 t-test at level ofp=0.05; *: significant different 
6 references 1: Guadagni et al., 1966; 2: Baker, 1963; 3: Wick et al., 1966; 4: Meilgaard, 1971; 
5： Amerine et al., 1965; 6: Hellman and Small, 1974; 7: Rosen et al., 1963; 8: Siek et al, 1969; 
9: Urbach et al, 1972; 10: Wasserman, 1966 
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4.3.2 Flavor profile of giant grouper 
Excluding the tentatively identified volatile compounds and contaminants, 41 
positively identified volatile compounds were grouped into seven chemical groups, 
including acid (1), alcohols (5), aldehydes (5), alkanes (8), ketones (8), N-containing 
compounds (5), S-containing compounds (1) and aromatic compounds (8). 
4.3.2.1 Carbonyls and alcohol 
Eighteen volatile compounds belong to carbonyls and alcohol, nearly half of total 
number of volatile compounds found. Among them, aldehydes had higher OAV than 
ketones and alcohols (Table 4.3). Aldehydes contribute more to the odor of fresh giant 
grouper based on the number of OAV compounds (Table 4.3). Both butanal and 
(E,E)-2,4-decadienal have high OAV as their concentrations are high while their odor 
threshold values are lower than those in alcohols and ketones. Odor description of 
(E,E)-2,4-decadienal was reported to be waxy, fatty, citrus, fried, pungent, floral, fruity 
and liquorice (Valim et aL, 2003; Chisholm et al., 2003; Jordan et al., 2003). Butanal 
was reported as pungent, alcoholic, fruity and parmesan-like (Qian and Reineccius, 
2003). In fact，lipid plays an important role in the formation of seafood flavor. Volatile 
compounds generated by enzymes depend on the presence of polyunsaturated fatty 
acids. The enzyme such as lipoxygenase is present in gill and skin tissue off ish (Zhang 
et a l , 1992). Enzymatic reactions due to lipoxygenase-initiated oxidation of highly 
polyunsaturated fatty acids generate carbonyls and alcohols (Olafsdottir and Fleurence, 
1998). Fatty acid hydroperoxides are further broken down by lyase to alcohols. The 6-, 
8-, and 9-carbon aldehydes were derived from the unsaturated fatty acids, by the action 
of oxidase. They provide planty, green-like aroma to freshly caught fish. 
(E)-2-nonenal is an unsaturated aldehyde reported to be generated by the oxidative 
degradation of omega-7 unsaturated fatty acids, and gives a cucumber-like or 
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cardboard-like aroma and is formed from arachidonic acid (Josephson, 1991). Ethanal 
and butanal were formed during cooking. The low molecular aldehydes, such as ethanal 
and butanal, are important precursors of the secondary formation of cooked odor 
compounds (Kubota et al., 1982). They may form degradation products of amino acids 
such as thialdine and its derivatives during cooking. (E,E)-2,4-decadienal was found in 
cooked fish to give deep fatty flavor. Sometimes, aldehydes are produced during the 
fermentation, due to the oxidation of primary alcohols, lipid oxidation, degradation and 
fermentation (Josephson, 1991). Unsaturated aldehydes could be generated by 
enzymatic oxidation of linoleic acid during fermentation (Vermeulen et al., 2007). 
Alcohols formed were due to oxidation such as the oxidative decomposition of fat or 
reduction of a carbonyl to an alcohol. (Pan and Kuo, 1994), also by lipoxygenase that 
acts on fatty acids (Kawai，1996). 
Phenethyl alcohol usually has pleasant floral odor. It is therefore a common 
ingredient in flavors and perfumery. 2-phenylethanol renders a crumb flavor (Vermeulen 
et al•’ 2007). Aldehydes primarily produce important overall characteristic seafood 
flavor. Due to low odor threshold value of aldehydes, their aroma impact is always 
considerable. On the contrary, alcohol has relatively lower OAV than aldehydes. 
3-Octanol was reported to render mushroom flavor (Josephson, 1991). Even if 3-octanol 
is abundant, its OAV is not high. Alcohols have a limited contribution to the fish aroma 
unless they are present in relatively high concentration. Ketones also have relatively 
higher odor threshold value than aldehydes, but they are odor contributor of pleasant 
fruity note to food products (Sigma and Aldrich, 2009). Pathway of biosynthesis of 
seafood flavor from eicosapentaenoic acid is shown in Figure 4.1. 
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Figure 4.1 Pathway for biosynthesis of fresh seafood flavor from eicosapentaenoic acid 
(Josephson and Lindsay, 1985). 
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4.3.2.2 Other aroma volatile compounds in giant grouper 
Eight alkanes were positively identified in the samples. Despite their large amounts, 
there was little information on the effect of alkanes on the flavor quality of fish 
(Josephson, 1991). They are not major odor-contributing group in fish. Some commonly 
founded seafood off-flavor such as trimethylamine and dimethyl sulfide were not 
detected in this study. Bromophenols, as mentioned in previous chapters, was not 
detected because the samples were not acidified to keep the bromophenols protonated. It 
caused difficulty for ionization of hydroxyl group for extraction (da Silva et al., 2005). 
Mesityl oxide is a a,P-unsaturated ketone which is a colorless, volatile liquid with a 
strong peppermint odor. For many other aroma volatile compounds, when compared 
with lipid derived flavor volatile compounds described previously, contribute less to the 
flavor profile of giant grouper because they usually have high odor threshold and low 
concentration. Their OAVs are usually low to contribute aroma impact. 
4.3.3 Giant grouper tainted by contamination 
Off-flavors in water contribute a way to taint seafood as fish assimilate the 
off-flavor compounds during growth in water. Ten minutes exposure of fish to 15ppm 
dimethyl sulfide in water causes off-flavor in fish muscle (Reineccius, 1994). Therefore, 
water quality is essential for the production of fish with high sensory quality. Water 
contamination by petrochemicals is a major source of off-flavor in marine animals 
(Whitfield, 1988). In this study, the contaminants extracted are listed in Table 4.4. The 
contaminants extracted such as butylated hydroxytoluene, 2,6-di-tert-butylphenol and 
biphenyl, probably came from polluted water. Many marine 
organisms biosynthesize halomethanes, especially the bromine derivatives. The 
biosyntheses of these halomethanes are catalyzed by 
the chloroperoxidase and bromoperoxidase enzymes, respectively. Halomethanes are 
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Table 4.4 Contaminants positively identified in extracted samples 
No. Compound' Cas^ RT^ m/z^ 
1 2,6-Di-tert-butylphenol 128-39-2 68.3 191 
2 Butylated hydroxytoluene 128-37-0 71.47 205 
3 Quinoline 91-22-5 72.26 129 
4 Biphenyl 92-52-4 74.94 154 
5 2,4-Di-tert-butylpheno 丨 96-76-4 89.96 191 
6 l(3H)-Isobenzofuranone 87-41-2 92.49 105 
7 Diethyl phthalate 84-66-2 93.19 149 
8 Diisobutyl phthalate 84-69-5 107.67 149 
9 Dibutyl phthalate 84-74-2 126.81 149 
10 Phenanthrene 85-01-8 128.75 128 
11 9-Fluorenone 486-25-9 134.46 180 
‘Compounds in order of their elution sequences in each class of compounds. 
2 Chemical Abstracts Service Registry Number 
3 Retention time 
4 Selected fragment for calculation of compound amount 
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naturally occurring, especially in marine environments. Bromochloromethane may 
probably be a contaminant. Aromatic hydrocarbons are usually responsible for 
off-flavor (Hofer, 1998). Besides, it was possible for contamination from solvent, 
glassware, column of gas chromatography or even lab handling technique. 
4.4 Conclusion 
Seafood flavor compounds greatly affect consumer preference on seafood (Shahidi and 
Cadwallader, 1997). In the previous chapters, the focus is investigating distribution of 
bromophenols in dried seafood, and monitoring fish quality changes of giant grouper 
previously fed with modified bromophenol-incorporated diet. In this chapter, 
understanding of aroma active volatile compounds became more comprehensive in giant 
grouper. Forty-one volatile compounds were positively identified and grouped under 
acid (1), alcohols (5), aldehydes (5), alkanes (8), ketones (8)，N-containing compounds 
(5), S-containing compounds (1)，and aromatic compounds (8). Among them, aldehydes 
were the major flavor contributing group to the steamed giant grouper. Ethanal, butanal, 
(E)-2-nonenal and (E,E)-2,4-decadienal contributed markedly to cooked odor of giant 
grouper. The most important characteristic of flavor is aroma. Human olfactory system 
is much more sensitive than laboratory instrument. For improvement in this study, gas 
chromatography olfactometry (GCO) should be carried out to evaluate and to confirm 
the aroma active compounds in additional to those found in this investigation. Moreover, 
the volatile compounds of giant groupers fed with seaweed feeds should also be 




Bromophenol content and its distribution in selected dried seafood were 
determined. Bromophenols were widely distributed and their ratios also varied 
extensively among different and within each local dried seafood samples, including 
seaweeds, crustaceans, mollusks, and salted-dried fishes. The bromophenol contents in 
the seafood are related to the original marine habitat where they dwell. Diet is a source 
of bromophenols for higher level marine organisms in the foodweb. Laminaria, which 
biosynthesized bromophenols, has the highest TBC at 70.18±8.84ng/g among the 
seafood samples. 246TBP had the highest concentration of 46.55士7.40ng/g among the 
bromophenols in Laminaria, and 26DBP having an OAV of 51.47士4.51 contributed the 
largest flavor impact in the seaweed. Due to its low threshold value, OAV of 26DBP can 
generally reflect the high flavor impact of bromophenols to seafood flavor. In 
descending order of flavor impact of bromophenols, the ranking would be as follows: 
seaweeds > mollusks and crustacean > salted-dried fishes. Besides, bromophenol 
content was compared among purchased dried Laminaria, Qingdao seaweed powder 
and dried bloodworms. Results show that the purchased Laminaria could possibly be an 
alternative bromophenol source for fish feed formulation in fish flavor enhancement. In 
descending order of OAV of 26DBP, the ranking would be as follows: Dried Laminaria 
> Qingdao seaweed powder > bloodworms. 
The experimental giant groupers were acclimated with seaweed-containing fish 
feed for a period of 24 weeks. After replacing the seaweed-containing fish feed with that 
without seaweed ingredient, food quality such as color, texture, moisture, ash, fat and 
protein were studied. Among the treatment groups, average "a" ranged from 0.87士0.46 
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tol.08士0.43. Average "b" ranged from 4.03士0.71 to5.22士0.71. Average “L” ranged from 
25.49±4.19 to 29.78±4.08. The color was slightly more red，yellow and toward dark 
color. Average hardness ranged from 4658士552.93g to 4869.23士552.93g. Average 
springiness ranged from 0.37士0.14 to 0.55士0.18. Average cohesiveness ranged from 
0.35士0.12 to 0.49士0.14. Average chewiness ranged from 1407.88士 1250.58 to 
1617.33±876.96. Average resilience ranged from 0.16±0.03 to 0.20±0.05. No significant 
difference was found among groups in any texture attributes (ANOVA, p�0 .05) . 
Average moisture ranged from 73.45±1.60% to 75.54±L24%. Average ash content 
ranged from 4.84±0.49% to 4.96土0.38%. Average fat ranged from 21.95±4.09% to 
24.66±2.92%. Average protein ranged from 64.12±4.60% to 69.09±1.94%. Majority of 
the food quality parameters remained consistent throughout the experimental period of 
6-7 weeks for all treatments. They were not significantly affected by feed deprived of 
seaweed ingredient (ANOVA, p>0.05). Giant grouper with high fish quality and good 
flavor is reasoned to be able to commend for an optimal market value. 
This study also showed that bromophenols depuration occurs during the 
experimental period. Except 26DBP which showed no significant differences among 
different treatments at each collection day, nor for each treatment at different collection 
days (ANOVA, p>0.05), significant changes for different treatments and collection days 
in 2BP, 4BP, 24DBP, 246TBP and TBC were found (ANOVA, p<0.05). 30% seaweed 
treatment had more significant difference in bromophenols than that of 0% and 15% 
seaweed treatment when compared at different collection days. 15% seaweed treatment 
seemed to be more consistent in the bromophenol content with that at 0% one. Based on 
this investigation, feed formulation with higher seaweed-content induced higher 
bromophenol content in giant grouper, but is necessary to continue feeding with 
seaweed-containing feed to keep the bromophenol level high. The detailed depuration 
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process of bromophenols in fish is not well understood. Future research may be carried 
out on the depuration mechanism of bromophenols in fish. Eventually, fish feed 
formulation could be optimized for seafood flavor enhancement. 
Flavor is one of the perceptions of food quality, and it significantly influences the 
public's food buying decisions. Therefore, flavor is a major aspect in study of food. 
Odor of f i sh is due to the presence of different flavor components. Bromophenol is one 
of the flavor contributing groups to seafood. Other volatile compounds may also 
contribute to the flavor of giant grouper. In this study, forty one volatile compounds 
were positively identified in giant grouper and grouped into different chemical groups, 
including acid (1), alcohols (5), aldehydes (5), alkanes (8), ketones (8), N-containing 
compounds (5), S-containing compounds (1) and aromatic compounds (8). 
Aldehydes were the major group to contribute flavor to giant grouper. Among the 
volatile compounds, ethanol, butanal, (E)-nonenal and (E，E)-2，4-decadienal have 
relatively high OAV and contribute markedly to the cooked odor in the flesh of giant 
grouper. This study provides information on aroma active volatile compounds 
responsible for the local giant grouper. For further research, gas chromatography 
olfactometry (GCO) can be carried out to evaluate and identify aroma active compounds. 
Other extraction method such as solid phase microex仕action (SPME) could also be used. 
Further study on flavor profile of other local fishes is necessary for more comprehensive 
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Appendix 
Figure A.l Picture of dried porphyra. 
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Figure A.2 Picture of dried laminaria 
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Figure A.3 Picture of dried prawn 
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Figure A.4 Picture of dried octopus 
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Figure A.5 Picture of dried squid 
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Figure A.6 Picture of dried conch 
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Figure A. 7 Picture of dried cuttlefish 
Figure A. 8 Picture of dried oyster 
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Figure A.9 Picture of dried white herring 
Figure A. 10 Picture of dried fourfinger threadfm 137 
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Figure A. 11 Picture of dried tiger-toothed croaker 
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Figure A. 12 Picture of dried largetooth flounder 
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Figure A. 13 Picture of dried Hypomesus japonicus 
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Figure A. 14 Picture of croceine croaker 
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Figure A. 15 Picture of greater amberjack 
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Figure A. 16 Picture of doublespotted queenfish 
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Figure A. 17 Picture of Rastrelliger spp. 
Figure A. 18 Picture of Chinese bahaba 
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Table A. 1 Cost of dried seafood samples collected 









Fourfinger threadfm 0.26 
White herring 0.20 
Tiger-toothed croaker 0.09 
Largetooth flounder 0.33 
Greater amberj ack 0.13 
Doublespotted queenfish 0.20 
Hypomesus japonicus 0.13 
Croceine croaker 0.33 
Rastrelliger spp. 0.17 
Chinese bahaba 0.09 
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Table A.2 Raw data of 2BP depuration 
15SW 30SW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
(ng/g) (ng/g) (ng/g) 妳） 
Day 0 0.41526 0.70687 0.3918 0.26379 0.81033 0.51033 2.15914 2.34291 0.90593 
0-55312 0.89278 3.32663 
1.15223 1.27442 1.54295 
D a y 4 0.58217 0.56237 0.09589 0.8907 0.63957 0.27083 0.58883 0.67649 0.13309 
0.45812 0.3526 0.82964 
0.64681 0.67541 0.61101 
D a y 9 0.38292 0.36896 0.05677 0.34553 0.34362 0.01567 0.23395 0.15831 0.06909 
0.30652 0.32708 0.09852 
0.41745 0.35824 0.14247 
D a y 16 0.37391 0.36044 0.04842 0.1176 0.16276 0.04494 0.08879 0.06608 0.02132 
0.30671 0.1632 0.06297 
0.4007 0.20748 0.04649 
D a y 23 0.14795 0.08622 0.06201 0.02636 0.03217 0.00546 0.106 0.11224 0.08 
0.08677 0.03295 0.03554 
0.02394 0.0372 0.19517 
D a y 38 0 O O O O O 0.04405 0.05337 0.0178 
0 0 0.0739 
0 0 0.04216 
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Table A.3 Raw data of 4BP depuration 
^ 15SW 30SW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
(ng/g) (ngZg) ( n g / g ) 妳 ） （ _ ) 咖 
Day 0 0 0 0 0 0.07913 0.07534 0.17098 0.21235 0.0415 
0 0.08737 0.25399 
0 0.15001 0.21207 
Day 4 0 0 0 0.23145 0.07715 0.13363 0.19131 0.17469 0.0266 
0 0 0.14401 
0 0 0.18875 
Day 9 0 0 0 0 0.01835 0.03179 0 0.06086 0.08675 
0 0 0.0224 
0 0.05506 0.16019 
Day 16 0 0 0 0 0 0 0.06534 0.08877 0.02098 
0 0 0.09512 
0 0 0.10584 
Day 23 0 O O 0.04495 0.0472 0.02347 0 0.05012 0.0751 
0 0.02494 0.13647 
0 0.07171 0.0139 
Day 38 0 O O 0.0497 0.05453 0.01677 0.12404 0.10329 0.02389 
0 0.04071 0.07716 
0 0.07319 0.10866 
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Table A.4 Raw data of 24DBP depuration 
15SW 30SW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
AWo� ( , � （ng/g) (ng/g) , , � (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) 
D a y 0 0.5679 0.91597 0.67122 1.59809 1.31611 0.32518 0.80449 0.96582 0.26562 
0.49027 0.9604 1.27239 
1.68973 1.38983 0.82057 
D a y 4 0.68609 0.42456 0.22761 0.66667 0.22222 0.3849 0.29127 0.49171 0.17676 
0.27125 0 0.62527 
0.31633 0 0.55858 
D a y 9 0.40336 0.52383 0.59331 0.25486 0.20419 0.18416 0 0.07975 0.13813 
1.16813 0 0.23925 
0 0.35772 0 
D a y 16 0.63514 0.48379 0.13194 0 0 0 0.38053 0.26535 0.15237 
0.42329 0 0.32294 
0.39296 0 0.09258 
D a y 23 0 0 0 0 0.06505 0.05659 0 0.16256 0.28155 
0 0.09225 0 
0 0.10291 0.48767 
Day 38 0 0 0 0 0 0 0 0.16657 0.28851 
0 0 0.49971 
0 0 0 
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Table A.5 Raw data of 26DBP depuration 
^ 15SW 30SW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
(ng/g) (ngZg) (ng/g) (ng/g) 妳） 
DayO 0 0.50657 0.46362 1.35021 1.53072 1.03343 0.10297 0.89063 0.87243 
0.9098 0.59944 1.82835 
0.60991 2.64251 0.74057 
Day 4 1.58711 0.52904 0.91632 1.78782 0.93349 0.89654 0.78926 0.56207 0.20032 
0 1.01263 0.48605 
0 0 0.41088 
Day 9 0.60449 0.2015 0.349 0.64351 0.55496 0.08054 0 0 0 
0 0.53529 0 
0 0.48608 0 
Day 16 o o o o o o o o o 
0 0 0 
0 0 0 
Day 23 o o o o o o o o o 
0 0 0 
0 0 0 
Day 38 O O O O O O O O O 
0 0 0 
0 0 0 
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Table A.6 Raw data of 246TBP depuration 
QSW 15SW 3QSW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
. . (ng/g) (ng/g) ( , � (ng/g) (ng/g) (ng/g) (ng/g) 
("g/g) (ng/g) (ng/g) 
D a y 0 5.76153 4.59544 1.58831 8.27331 6.56592 2.65767 4.60144 7.81618 2.86692 
2.78647 3.50387 10.10788 
5.23834 7.92057 8.73922 
D a y 4 6.79517 4.32435 2.3394 4.23682 3.5306 0.67263 9.50555 9.28004 0.62963 
4.03448 2.89753 9.76587 
2.1434 3.45746 8.56871 
D a y 9 1.5413 1.24437 0.27944 0.82636 2.0309 1.39112 1.22973 0.99758 0.28407 
0.98654 3.55351 0.68083 
1.20527 1.71283 1.0822 
D a y 16 2.52278 1.99596 0.45911 1.16896 1.3972 0.3336 1.15158 0.38386 0.66486 
1.6813 1.78006 0 
1.78379 1.24258 0 
D a y 2 3 0 0 0 2.57512 1.48171 1.33075 1.07017 0.77762 0.43594 
0 1.87002 0.27659 
0 0 0.98612 
D a y 3 8 0.70105 0.60767 0.18466 1.57648 1.37515 0.22969 1.71395 0.57132 0.98955 
0.39497 1.12495 0 
0.72699 1.424 0 
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Table A.7 Raw data of TBC depuration 
^ 15SW 30SW 
Raw Raw Raw 
Mean SD Mean SD Mean SD 
Data Data Data 
(ng/g) (ngZg) (ngZg) 
D a y O 6.95433 6.54908 1.7796 11.48541 10.3022 3.80722 7.83903 12.22788 4.4776 
4.6018 6.04386 16.78924 
8.0911 13.37734 12.05537 
D a y 4 9.65054 5.84031 3.40221 7.81346 5.40303 2.0885 11.36623 11.185 0.77256 
4.76385 4.26276 11.85083 
3.10654 4.13288 10.33794 
D a y 9 2.93207 2.33866 0.66322 2.07026 3.15203 1.18337 1.46368 1.29651 0.22477 
2.46119 4.41589 1.041 
1-62271 2.96993 1.38486 
Day 
3.53183 2.84019 0.60472 1.28655 1.55996 0.34187 1.68624 0.80406 0.77306 丄(） 
2.41129 1.94326 0.48103 
2.57745 1.45006 0.24491 
Day 
0.14795 0.08622 0.06201 2.64642 1.62614 1.26422 1.17617 1.10254 0.62041 
0.08677 2.02016 0.4486 
0.02394 0.21183 1.68285 
Day 
0.70105 0.60767 0.18466 1.62618 1.42968 0.23757 1.88204 0.89454 0.89098 
JO 
0.39497 1.16566 0.65077 
0-72699 1.49719 0.15082 
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